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BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to an X-ray exposure apparatus, an X- 
ray exposure method, an X-ray mask, an X-ray mirror, a synchrotron 
radiation apparatus, a synchrotron radiation method and a semiconductor 
device, and more specifically, it relates to an X-ray exposure apparatus, an 
X-ray exposure method, an X-ray mask, an X-ray mirror, a synchrotron 
radiation apparatus, a synchrotron radiation method and a semiconductor 
device capable of employing X-rays of a shorter wavelength region than the 
prior art for exposure. 
Description of the Background Art 

In recent years, requirement for higher integration and refinement of 
a semiconductor device is becoming more and more strong. Therefore, 
necessity for forming a pattern of a semiconductor integrated circuit 
smaller than the prior art increases. Thus, an X-ray proximity exposure 
technique employing X-rays shorter in wavelength than exposure light 
having been employed in general as exposure light is watched with interest 
in a photolithographic working step. 

Fig. 24 is a schematic diagram of a conventional X-ray exposure 
apparatus. Referring to Fig. 24, the X-ray exposure apparatus is formed 
by a synchrotron radiation source 101, X-ray mirrors 103, a heat removal 
filter 104, a beryllium window 105 , a window 122 consisting of a silicon 



nitride film, an X-ray mask 106 and a vertical X-Y stage 123 for setting a 
semiconductor wafer 109. Radiation 102 generated in the synchrotron 
radiation source 101 passes through the X-ray mirrors 103, the heat 
removal filter 104, the beryllium window 105 and the window 122 
5 consisting of a silicon nitride film and reaches the X-ray mask 106. In the 
X-ray mask 106, a circuit pattern to be transferred to the semiconductor 
wafer 109 is formed by an X-ray absorber. The radiation 102 passes 
through the X-ray mask 106, whereby this circuit pattern is transferred to 
resist applied onto the semiconductor wafer 109. Such an X-ray exposure 

10 apparatus is shown in NTT R&D Vol. 43, No. 6, p. 501 (1994), for example. 

At this point, the radiation 102 is continuous spectral fight having 
wavelengths over a wide range from the X-ray region to the infrared region. 
As to X-rays required in an X-ray exposure step of transferring the transfer 
pattern to the semiconductor wafer 109, on the other hand, only X-rays of a 

15 certain proper wavelength region are required. Therefore, the 
conventional X-ray exposure apparatus first utilizes the reflection 
characteristics of the X-ray mirrors 103 for absorbing/cutting shorter- 
wavelength X-ray components having wavelengths of not more than 0.7 nm. 
Then, when the radiation 102 is transmitted through the heat removal 

20 filter 104 consisting of beryllium, X-ray components whose wavelengths are 
longer than 1.5 nm are substantially entirely absorbed/cut by the heat 
removal filter 104 due to the characteristics of beryllium. 

Thus, the radiation 102 is so adjusted that the wavelengths thereof 
are in the range of about 0.7 to 1.5 nm. Then, the radiation 102 is 

25 successively transmitted through the beryllium window 105 and the 

window 122 consisting of a silicon nitride film. At this time, heat is hardly 
generated in the beryllium window 105 and the window 122 consisting of a 
silicon nitride film. The space between the beryllium window 105 and the 
window 122 consisting of a silicon nitride film is filled with helium of the 

30 atmospheric pressure. Therefore, the beryllium window 105 serves as a 

partition between a vacuum region upstream the beryllium window 105 and 
an atmospheric pressure region on the downstream side. The heat 
removal filter 104 cuts unnecessary X-ray components, thereby suppressing 
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heat generation of the beryllium window 105. Consequently, it is possible 
to keep mechanical strength of the beryllium window 105. 

The window 122 consisting of a silicon nitride film fills the role of a 
partition between the region filled with helium and the atmosphere. When 
5 bringing it into an apparatus structure setting the vertical X-Y stage 123 in 
a helium atmosphere, the window 122 consisting of a silicon nitride film is 
unnecessary. 

The X-ray mask 106 is formed with the circuit pattern to be 
transferred to the semiconductor wafer as hereinabove described. This 

10 circuit pattern is transferred by irradiating a prescribed region of the resist 
applied to the semiconductor wafer 109 with the radiation 102 through the 
X-ray mask 106. 

In general, a heavy metal such as gold or platinum has been 
employed as the material for the surfaces of the X-ray mirrors 103 

15 reflecting X-rays. This is because reflectance for X-rays of about 60 % is 
obtained at wavelengths around about 0.7 nm, which are the wavelengths 
of X-rays employed for exposure also when relatively increasing an oblique- 
incidence angle of the radiation 102 with respect to the X-ray mirrors 103 to 
about 2°. Means of converging a larger quantity of X-rays by preparing X- 

20 ray mirrors having a large converging angle with such a material of gold or 
platinum is studied. The intensity of X-rays employed for exposure can be 
increased by thus converging a lager quantity of X-rays. Consequently, it 
becomes possible to obtain a high throughput in the exposure step. 

It is also proposed to employ silicon carbide or fused quartz as the 

25 material for the X-ray mirrors 103. This silicon carbide can bring the 

reflectance for X-rays to an extremely high value of about 90 % by relatively 
shallowly setting the oblique-incidence angle to about 1°. 

While a beryllium thin film is proposed as the material for the heat 
removal filter 104 absorbing/cutting long-wave X-rays, a proposal for 

30 employing silicon nitride or a diamond thin film in an auxiliary manner is 
also made in addition. This is for an object of increasing efficiency of heat 
absorption and an object of attaining oxidation prevention of the beryllium 
thin film. 
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The X-ray mask 106 generally comprises a membrane consisting of 
silicon carbide or the like and an X-ray absorber formed on this membrane. 
At this point, silicon carbide is employed since absorb ance for X-rays of 
about 0.7 nm to 1.5 nm in wavelength, which are X-rays employed for 
5 exposure, is relatively small. 

Thus, gold, platinum, silicon carbide, fused quartz or the like is 
proposed as the material for the surfaces of the X-ray mirrors reflecting X- 
rays. Further, beryllium, silicon nitride, diamond or the like is proposed 
as the window material. At this point, any of these is on the premise of 
10 employment of X-rays having a peak wavelength of about 0.75 nm, 
generally regarded as most suitable, as exposure light. 

At this point, the reason why it has been said that the X-rays having 
a peak wavelength of about 0.75 nm are suitable as the optimum exposure 
light is as follows: 

15 That is, in principle, the resolution of an obtained optical image 

improves as employing X-rays having shorter wavelengths, and it is 
possible to form a fine pattern. As the wavelengths of the X-rays reduce, 
however, energy of the X-rays increases. Consequently, when the resist 
applied onto the semiconductor wafer 109 is irradiated with the X-rays in 

20 the exposure step, photo electrons are generated in this resist. The kinetic 
energy of these photo electrons increases as the energy of the X-rays 
incident upon the resist increases. The resist is sensitized by these 
photoelectrons. Consequently, it follows that the region of the resist 
sensitized by the photoelectrons generated in the resist increases as 

25 employing Short-wave X-rays. Consequently, it follows that the pattern 
formed on the resist is blurred due to influence by these photoelectrons. 
That is, it has been regarded that the range of these photoelectrons decides 
the resolution limit as such. 

In consideration of the range of these photoelectrons, therefore, it has 

30 generally been said that the optimum peak wavelength of X-rays employed 
for exposure is about 0.75 nm. 

Thus, it has been considered that the range of the photoelectrons 
decides the resolution limit, and hence it has generally been said that a 
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pattern having a line width or a line space of not more than 100 nm cannot 
be formed through an exposure step employing X-rays having a peak 
wavelength of about 0.75 nm as described above. 

In order to improve the resolution in the exposure step employing X- 
5 rays under such circumstances, there has been made a proposal for 

attaining higher resolution by employing a low-contrast mask, a phase-shift 
mask prepared by vertically tapering an absorber pattern, a mask subjected 
to optical proximity effect correction or the like. In any case, however, it 
has been difficult to remarkably improve the resolution. 

10 Since the aforementioned problem of the range of photoelectrons is 

present, an idea of shifting the wavelengths of X-rays employed for 
exposure to a shorter wavelength region thereby attaining higher resolution 
has not generally been studied in the technical field of X-ray exposure 
performing transfer of a circuit pattern for a semiconductor device. When 

15 employing X-rays of a shorter wavelength region, the X-rays are readily 

transmitted through an X-ray absorber of an X-ray mask since the energy of 
the X-rays is larger than general. In order to attain a necessary contrast, 
therefore, it is conceivably necessary to increase the thickness of the X-ray 
absorber. In such a case, the transmission characteristics of the X-rays are 

20 deteriorated due to a waveguide effect when the X-rays are transmitted 
through a transfer pattern formed by the X-ray absorber having a large 
thickness, and hence there has been such a problem that the resolution of 
the transferred circuit pattern lowers. Thus, it has been regarded that 
refinement of the transfer pattern is difficult. 

25 As an exposure technique with Short-wave X-rays, there is an 

example setting the exposure wavelength to about 0.3 nm in the field of a 
micromachine technique. However, it has thus employed the Short-wave 
X-rays for an object of performing high-aspect pattern working of forming a 
pattern of several microns with a height of about several 100 microns by 

30 increasing transmission ability of X-rays into resist. Further, a pattern 
size required in this field of the micromachine technique is larger than a 
required pattern size demanded in the aforementioned field of 
semiconductor devices by at least one digit to two digits. In addition, the 
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thickness of the X-ray absorber of the X-ray mask is also larger than that 
employed in the field of the semiconductor devices. Further, a metal such 
as titanium is employed for a substrate of the X-ray mask. That is, the 
aforementioned technique belongs to a technical field absolutely different 
5 from the technical field of the present invention. Further, in relation to an 
exposure apparatus employing a point light source of an electron beam 
excitation type employing a palladium target, an exemplary experiment 
employing a mask prepared by forming an absorber on a substrate 
consisting of boyon nitride by gold plating for performing exposure with X- 

10 rays of a wavelength region of 0.415 nm to 0.44 nm is reported. However, 
this technique also belongs to a technical field basically different from the 
present invention employing a synchrotron radiation source. 

At this point, necessity for forming a fine pattern whose design rule 
is about 0.05 \xm has recently become obvious following requirement for 

15 refinement and higher integration of a semiconductor device. In the 

aforementioned exposure step employing X-rays whose peak wavelength is 
about 0.75 nm, it is conceivably difficult to accurately form such a fine 
pattern whose line width or line space is at the level of 0.05 \im. 

Therefore, the inventors have made various experiments and studies 

20 aiming at spreading the application limit of the X-ray exposure technique to 
a finer region and transferring a pattern of high resolution at a high speed 
(attaining a high throughput). Consequently, they have found it possible 
to employ X-rays of a shorter wavelength region than general for the X-ray 
exposure step as described later. However, the current X-ray exposure 

25 apparatus has been designed basically on the premise of employing X-rays 
whose peak wavelength is about 0.75 nm as exposure light, and hence it has 
been difficult to effectively use X-rays having wavelengths smaller than 0.7 
nm, for example, as exposure light. 

The present invention has been proposed in order to solve the 

30 aforementioned problems, and one object of the present invention is to 

provide an X-ray exposure apparatus capable of transferring a pattern of 
high resolution and capable of attaining a high throughput by spreading the 
wavelengths of X-rays employed for X-ray exposure to a shorter wavelength 
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region than general. 

Another object of the present invention is to provide an X-ray 
exposure method capable of transferring a pattern of high resolution and 
capable of attaining a high throughput by spreading the wavelengths of X- 
5 rays employed for X-ray exposure to a shorter wavelength region than 
general. 

Still another object of the present invention is to provide an X-ray 
mirror employed for an X-ray exposure apparatus capable of transferring a 
pattern of high resolution and capable of attaining a high throughput by 
10 spreading the wavelengths of X-rays employed for X-ray exposure to a 
shorter wavelength region than general. 

A further object of the present invention is to provide an X-ray mask 
employed for an X-ray exposure apparatus capable of transferring a pattern 
of high resolution and capable of attaining a high throughput by spreading 
15 the wavelengths of X-rays employed for X-ray exposure to a shorter 
wavelength region. 

A further object of the present invention is to provide a synchrotron 
radiation apparatus applicable to an X-ray exposure apparatus capable of 
transferring a pattern of high resolution and capable of attaining a high 
20 throughput by spreading the wavelengths of X-rays employed for X-ray 
exposure to a shorter wavelength region. 

A further object of the present invention is to provide a synchrotron 
radiation method applicable to an X-ray exposure apparatus capable of 
transferring a pattern of high resolution and capable of attaining a high 
25 throughput by spreading the wavelengths of X-rays employed for X-ray 
exposure to a shorter wavelength region. 

A further object of the present invention is to provide a highly 
integrated semiconductor device manufactured with an X-ray exposure 
method capable of transferring a pattern of high resolution and capable of 
30 attaining a high throughput by spreading the wavelengths of X-rays 

employed for X-ray exposure to a shorter wavelength region than general. 
SUMMARY OF THE INVENTION 

An X-ray exposure apparatus according to one aspect of the present 



- 7 - 



invention comprises an X-ray mirror containing a material having an 
absorption edge only in at least either one of a wavelength region of less 
than 0.45 nm and a wavelength region exceeding 0.7 nm as to X-rays. 

At this point, it has generally been said that the range, referred to as 
5 a gluon range, of photoelectrons generated by X-irradiation in resist decides 
the resolution limit of the transfer pattern in X-ray exposure. Therefore, it 
has been said that a pattern whose line width or line space is not more than 
100 nm cannot be formed by the X-ray exposure. 

However, the inventors have found that a line pattern of 50 nm can 
10 be formed by empirically employing non-chemical amplification type resist. 
In this case, photoelectrons have not become a definitive factor deciding the 
resolution limit although having action of weakening an optical image. 

That is, the inventors have found that the range of photoelectrons 
does not become a dominant factor deciding the resolution limit when 
15 employing such resist that a solution speed ratio of a resist part influenced 
by the photoelectrons and a resist part directly irradiated with X-rays is 
large. Consequently, the inventors have discovered that X-rays of a 
shorter wavelength region than general can be employed as exposure light 
as in the X-ray exposure apparatus according to the present invention. 
20 From this recognition of the inventors, X-rays of a wavelength region 

shorter than the wavelengths of X-rays generally employed for X-ray 
exposure can be utilized for an exposure step, and hence a pattern of higher 
resolution than general can be transferred in the exposure step. 

Specifically in the present invention, the X-ray exposure apparatus 
25 comprises an X-ray mirror containing a material having an absorption edge 
only in at least either one of a wavelength region of less than 0.45 nm and a 
wavelength region exceeding 0.7 nm as to X-rays, i.e., a material having no 
absorption edge in a wavelength region of at least 0.45 nm and not more 
than 0.7 nm. Therefore, X-rays of a shorter wavelength region than the 
30 wavelength of about 0.75 nm having been employed in general can be 
obtained. Consequently, X-rays of a shorter wavelength region than 
general can be utilized when employing the X-ray mirror according to the 
present invention in the X-ray exposure apparatus. Therefore, it becomes 



possible to transfer a circuit pattern of higher resolution than general. 

The material forming the X-ray mirror according to the present 
invention has no absorption peak in the wavelength region of at least 0.45 
nm and not more than 0.7 nm. Therefore, the X-rays of the wavelength 
5 region of at least 0.45 nm and not more than 0.7 nm can be more reliably 
reflected than a conventional X-ray mirror, whereby sufficient irradiation 
strength for X-rays can be secured. Consequently, a high throughput can 
be attained. 

Further, short-wave components can be added to general light 
10 intensity by spreading the wavelengths of the X-rays employed for exposure 
to the shorter wavelength region. Thus, the intensity of the X-rays can be 
increased, whereby the time required for the exposure step can be reduced. 
Consequently, a high throughput can be implemented more reliably than 
general. 

15 The X-rays of the wavelength region of at least 0.45 nm and not more 

than 0.7 nm are employed for the exposure step for the following reason: 
That is, when the wavelengths of the X-rays are less than 0.45 nm, the 
sensitivity of resist with respect to the X-rays rather reduces and it becomes 
difficult to transfer a circuit pattern of high resolution. Further, this is 

20 because it is effective to employ X-rays of the wavelength region of not more 
than 0.7 nm becoming a shorter wavelength region than the wavelength 
region exceeding 0.7 nm having been utilized in general, in order to 
implement a higher throughput than general simultaneously with 
transferring a circuit pattern of higher resolution than general. 

25 In the X-ray exposure apparatus according to the aforementioned one 

aspect, the X-rays may be included in radiation outgoing from a 
synchrotron radiation source. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, the X-ray mirror may be an X-ray mirror for cutting shorter 

30 wavelengths absorbing at least 90 % of X-rays of a wavelength region of less 
than 0.3 nm. 

When the absorbance for X-rays in the wavelength region of less than 
0.3 nm is at least 90 % in this case, short-wave X-rays having wavelengths 



of less than 0. 3 nm can be reliably prevented from mixing into the exposure 
light. Consequently, generation of photoelectrons in the resist can be 
effectively prevented in exposure with these short-wave X-rays. Thus, 
deterioration of resolution resulting from photoelectrons can be prevented. 
5 In the X-ray exposure apparatus according to the aforementioned one 

aspect, the said X-ray mirror may be an X-ray mirror for cutting shorter 
wavelengths absorbing X-rays whose wavelengths are only less than 0.45 
nm. 

In this case, X-rays of a shorter wavelength region than the 
10 wavelength of about 0.75 nm having been employed in general can be 
obtained. Consequently, X-rays of a shorter wavelength region than 
general can be utilized when employing the X-ray mirror according to the 
present invention in the X-ray exposure apparatus. Thus, it becomes 
possible to transfer a circuit pattern of higher resolution than general. 
15 In the X-ray exposure apparatus according to the aforementioned one 

aspect, the aforementioned X-ray mirror may contain a material having an 
absorption edge only in a wavelength region of less than 0.45 nm as to X- 
rays. 

In the X-ray exposure apparatus according to the aforementioned one 
20 aspect, the X-ray mirror may contain a single type of mirror material 

selected from a group consisting of beryllium, titanium, silver, ruthenium, 
rhodium and palladium, nitrides, carbides andborides of these, diamond, 
diamond-like carbon and boron nitride. 

In this case, the material forming the X-ray mirror according to the 
25 present invention has no absorption peak in the wavelength region of at 
least 0.45 nm and not more than 0.7 nm. Consequently, the X-ray mirror 
according to the present invention hardly absorbs X-rays in the wavelength 
region of at least 0.45 nm and not more than 0.7 nm. Therefore, X-rays in 
the wavelength region of at least 0.45 nm and not more than 0.7 nm can be 
30 more reliably reflected than the conventional X-ray mirror, and hence 

sufficient irradiation strength for X-rays can be secured. Consequently, a 
high throughput can be reliably attained. 

The absorption edge of beryllium is 11.1 nm, the absorption edges of 
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titanium are 0.249734 nm and 2.729 nm, the absorption edges of silver are 
0.048589 nm, 0.32564 nm, 0.35164 nm, 0.36999 nm, 3.082 nm and 3. 114 nm, 
the absorption edges of ruthenium are 0.056051 nm, 0.3835 nm, 0.4180 nm, 
0.4369 nm and 4.43 nm, the absorption edges of rhodium are 0.053392 nm, 
5 0.3629 nm, 0.39425 nm, 0.41299 nm and 4.04 nm, and the absorption edges 
of palladium are 0.05092 nm, 0.3437 nm, 0.37228 nm, 0.39074 nm and 3.70 
nm. Further, the absorption edge of nitrogen is 3.099 nm, and the 
absorption edge of carbon is 4.368 nm. 

In the X-ray exposure apparatus according to the aforementioned one 

10 aspect, the X-ray mirror may include a substrate and a layer containing a 
mirror material formed on the substrate. 

In this case, this substrate can be previously subjected to working to 
have a shape such as a spherical surface necessary for the X-ray mirror by 
employing a material easy to work as the substrate. Consequently, a 

15 large-sized X-ray mirror having a complicated shape can be readily 
prepared. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, the X-ray mirror may have a function of converging X-rays. 

In this case, the X-ray mirror for cutting shorter wavelengths also 
20 has the function of converging X-rays, whereby the structure of the X-ray 
exposure apparatus can be more simplified. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, the X-ray mirror may have a function of magnifying the area of a 
region capable of being simultaneously irradiated with X-rays outgoing 
25 from the X-ray mirror. 

In this case, the X-ray mirror for cutting shorter wavelengths also 
has the function as a magnifying mirror magnifying a projected region of 
the X-rays outgoing from the X-ray mirror, whereby the structure of the X- 
ray exposure apparatus can be more simplified. 
30 In the X-ray exposure apparatus according to the aforementioned one 

aspect, it may further comprise an X-ray converging mirror. 

In this case, the converging mirror and the X-ray mirror for cutting 
shorter wavelengths can be separately adjusted, whereby finer setting can 
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be performed. 

Further, it employs the structure separately comprising the 
converging mirror and the X-ray mirror for cutting shorter wavelengths in 
this manner, whereby it becomes possible to readily modify a conventional 
5 X-ray exposure apparatus to the X-ray exposure apparatus according to the 
present invention by inserting this X-ray mirror for cutting shorter 
wavelengths in the conventional X-ray exposure apparatus. Consequently, 
X-rays of a shorter wavelength region than general can be employed as 
exposure light, while the cost for implementing the X-ray exposure 
10 apparatus according to the present invention can be reduced at the same 
time. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, it may further comprise a magnifying mirror having a function of 
magnifying the area of a region capable of being simultaneously irradiated 
15 with X-rays outgoing from the X-ray mirror. 

In this case, the magnifying mirror and the X-ray mirror for cutting 
shorter wavelengths can be separately adjusted, whereby finer setting can 
be performed. 

Further, it employs the structure separately comprising the 
20 magnifying mirror and the X-ray mirror for cutting shorter wavelengths, 
whereby the X-ray exposure apparatus according to the present invention 
can be readily implemented by inserting the X-ray mirror for cutting 
shorter wavelengths into the conventional X-ray exposure apparatus. 
Consequently, the cost for implementing the X-ray exposure apparatus 
25 according to the present invention can be reduced. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, a surface of the X-ray mirror upon which X-rays are incident may be 
mechanically polished. 

In the X-ray exposure according to the aforementioned one aspect, a 
30 surface of the X-ray mirror upon which X-rays are incident may be 
chemically polished. 

The X-ray exposure apparatus according to the aforementioned one 
aspect may further comprise an X-ray mask. The X-ray mask may include 
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a membrane and an X-ray absorber formed on the membrane. The 
membrane may contain a single species selected from a group consisting of 
diamond, diamond-like carbon, boron nitride and beryllium. 

In this case, the material employed as the membrane of the X-ray 
5 mask according to the present invention has no absorption edge in a 

wavelength region around 0.67 nm dissimilarly to a silicon-based material 
having been employed as a conventional membrane, whereby the total 
transmittance for X-rays in the wavelength region of at least 0.45 nm and 
not more than 0.7 nm can be rendered higher than general. Consequently, 

10 the time required for the exposure step can be more reliably reduced than 
general, whereby the throughput of the exposure step can be rendered 
higher than general. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, it may further comprise an X-ray mask, and the X-ray mask may 

15 include a membrane and an X-ray absorber formed on the membrane. The 
membrane may contain a material having an absorption edge only in at 
least either one of a wavelength region of less than 0.45 nm and a 
wavelength region exceeding 0.7 nm as to X-rays, and the X-ray absorber 
may contain a material having an absorption edge in a wavelength region of 

20 at least 0.6 nm and less than 0.85 nm. 

In this case, the material contained in the membrane has no 
absorption edge in the wavelength region of at least 0.45 nm and not more 
than 0.7 nm, whereby X-rays of a shorter wavelength region than general 
can be effectively utilized in the X-ray exposure step. 

25 While the absorbance for X-rays exhibits a peak value at the 

absorption edge wavelength of the material, the absorbance for X-rays 
reaches a sufficiently large value also in a wavelength region of 0.15 nm 
around this absorption edge wavelength. Therefore, when the X-ray 
absorber contains the material having an absorption edge in the 

30 wavelength region of at least 0.6 nm and less than 0.85 nm, X-rays 

employed for exposure can be reliably screened with this X-ray absorber in 
the wavelength region (at least 0.45 nm and not more than 0.7 nm) of the X- 
rays employed for exposure. Further, the material having an absorption 
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edge in such a wavelength region is employed as the X-ray absorber, 
whereby the thickness of the X-ray absorber can be reduced. Consequently, 
the aspect ratio of a transfer circuit pattern formed by the X-ray absorber 
can be reduced. Therefore, a fine circuit pattern can be reliably 
5 transferred with X-rays of a shorter wavelength region than general. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, the X-ray absorber may contain a single species selected from a 
group consisting of tungsten, tantalum and rhenium. 

At this point, the absorption edge of tungsten (W) is 0.683 nm, the 
10 absorption edge of tantalum (Ta) is 0.711 nm, and the absorption edge of 
rhenium (Re) is 0.656 nm. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, the X-ray absorber may include stacked first layer and second layer. 

In this case, the X-ray absorber is formed by a plurality of layers, 
15 whereby the degree of freedom in selection of the material employed as the 
X-ray absorber can be enlarged. 

Further, a plurality of materials whose absorption peak wavelengths 
are different as to X-rays can be employed as the X-ray absorber, whereby it 
becomes possible to more reduce the thickness of the X-ray absorber in the 
20 case where X-rays of a wide wavelength region must be absorbed than the 
case of forming a single-layer X-ray absorber employing a single material. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, a first material contained in the first layer may have a larger atomic 
weight than the atomic weight of a second material contained in the second 
25 layer. 

In this case, the absorption peak wavelength for X-rays can be varied 
with each layer by containing elements having different atomic weights as 
the first and second materials and forming a plurality of layers, whereby X- 
rays can be reliably absorbed over a wider wavelength range. 
30 A heavy element such as molybdenum or rhodium having a large 

atomic weight may be employed as the first material. Further, a light 
element such as carbon or beryllium having a small atomic weight may be 
employed as the second material. 
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Thus, an X-ray absorber such as that stacking a heavy element and a 
light element is formed, whereby X-rays can be reliably screened by 
reflecting the same. When rendering X-ray screenability substantially 
equivalent, therefore, the thickness of the X-ray absorber can be more 
5 reduced than general. Consequently, the aspect ratio of the transfer 

circuit pattern formed on the X-ray absorber can be reduced. At this point, 
the aspect ratio stands for, when considering a groove in the transfer circuit 
pattern formed on the X-ray absorber, the ratio of the width of the bottom 
portion of the groove and the depth of the groove, and the aspect ratio 
10 enlarges when the width of the bottom portion is constant and the depth of 
the groove enlarges. The aspect ratio can be thus reduced, whereby the 
transfer pattern can be readily formed while high transfer accuracy can be 
implemented at the same time. 

The X-ray exposure apparatus according to the aforementioned one 
15 aspect may comprise a plurality of X-ray mirrors. 

In this case, the degree of freedom in design of the X-ray exposure 
apparatus such as setting of the optical axis of X-rays employed for 
exposure can be enlarged. Further, short-wave X-rays can be more 
reliably removed from the X-rays employed for exposure by employing a 
20 plurality of X-ray mirrors for cutting shorter wavelengths. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, it may comprise the X-ray mirrors by at least two and not more than 
four. 

When employing two X-ray mirrors in this case, the traveling 
25 direction of X-rays before entering these two X-ray mirrors and the 

traveling direction of X-rays finally outgoing from the two X-ray mirrors 
can be rendered substantially parallel by adjusting the oblique-incidence 
angles of the X-rays in these X-ray mirrors. Further, the peak wavelength 
of the X-rays employed for exposure can be controlled by controlling the 
30 angles of the incidence directions of the X-rays with respect to the X-ray 
mirrors and reflecting surfaces of the X-ray mirrors. 

When employing three or four X-ray mirrors, the oblique-incidence 
angles of the X-rays in the X-ray mirrors and the positions of the optical 
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axes of the X-rays finally outgoing from the X-ray mirrors can be 
independently controlled, whereby the degree of freedom in design of the X- 
ray exposure apparatus can be more enlarged. 

When inserting the X-ray mirrors according to the present invention 
5 in the conventional X-ray exposure apparatus, it becomes possible to 
assemble the X-ray mirrors according to the present invention into the 
conventional X-ray exposure apparatus without changing the optical axis of 
general X-rays. 

The changeable wavelength region of X-rays can be more widened by 
10 employing four X-ray mirrors than the case of employing two X-ray mirrors. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, the outgoing direction of X-rays outgoing from the X-ray mirror 
finally reached by X-rays among the plurality of X-ray mirrors may be 
substantially identical to the incidence direction of X-rays incident upon the 
15 X-ray mirror initially reached by X-rays among the plurality of X-ray 
mirrors. 

In this case, the oblique-incidence angles of the X-rays with respect 
to the X-ray mirrors can be controlled in a state substantially identically 
holding the incidence direction of the X-rays and the outgoing direction of 

20 the X-rays, whereby X-rays of arbitrary wavelengths can be obtained 
without changing the outgoing direction of the X-rays. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, it may comprise a function of controlling the position of the X-ray 
mirror and a function of controlling the angle of a surface of the X-ray 

25 mirror upon which X-rays are incident and the incidence direction of the X- 
rays. 

In this case, the angle (oblique-incidence angle) of the surface of the 
X-ray mirror upon which X-rays are incident and the incidence direction of 
the X-rays can be arbitrarily selected without changing the outgoing 
30 direction of the X-rays (in a state keeping the traveling direction of the X- 
rays constant). Consequently, X-rays having an arbitrary peak 
wavelength, from which X-rays of a shorter wavelength region are cut, can 
be obtained by controlling the oblique-incidence angle. 
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In the X-ray exposure apparatus according to the aforementioned one 
aspect, the outgoing optical axis of X-rays outgoing from the X-ray mirror 
finally reached by X-rays among the plurality of X-ray mirrors may be 
substantially identical to the incidence optical axis of X-rays incident upon 
5 the X-ray mirror initially reached by X-rays among the plurality of X-ray 
mirrors. 

In this case, X-rays having a peak wavelength in a shorter 
wavelength region than general, from which X-rays of a shorter wavelength 
region are cut, can be obtained in a state rendering the incidence optical 
10 axis and the outgoing optical axis substantially identical. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, it may comprise a function of controlling the position of the X-ray 
mirror and the angle of a surface of the X-ray mirror upon which X-rays are 
incident and the incidence direction of X-rays in a state keeping the 
15 outgoing optical axis substantially identical. 

In this case, X-rays having an arbitrary peak wavelength, from which 
X-rays of a shorter wavelength region are cut, can be obtained by 
controlling the position of the X-ray mirror and the oblique incidence angle 
in a state keeping the incidence optical axis and the outgoing optical axis of 
20 the X-rays substantially identical. 

In the X-ray exposure apparatus according to the aforementioned one 
aspect, it may be possible to change the peak wavelength of the X-rays 
outgoing from the X-ray mirror. 

In this case, the peak wavelength of the X-rays can be controlled to 
25 be more suitable to the material for the X-ray mask, resolution required to 
the transferred circuit pattern, the characteristics of the resist and the like. 
Consequently, it becomes possible to accurately form a circuit pattern finer 
than general. 

An X-ray mirror according to another aspect of the present invention 
30 contains a material having an absorption edge only in at least either one of 
a wavelength region of less than 0.45 nm and a wavelength region 
exceeding 0.7 nm as to X-rays. 

Therefore, X-rays of a shorter wavelength region than a wavelength 



of about 0.75 nm having been employed in general can be obtained. 
Consequently, when employing the X-ray mirror according to the present 
invention in an X-ray exposure apparatus, X-rays of a shorter wavelength 
region than general can be utilized. Therefore, it becomes possible to 
5 transfer a circuit pattern of higher resolution than general. 

The material forming the X-ray mirror according to the present 
invention has no absorption peak in a wavelength region of at least 0.45 nm 
and not more than 0.7 nm. Therefore, X-rays of the wavelength region of 
at least 0.45 nm and not more than 0.7 nm can be more reliably reflected 
10 than a conventional X-ray mirror, whereby sufficient irradiation strength 
for X-rays can be secured. Consequently, a high throughput can be 
attained. 

Further, short-wave components can be added to general light 
intensity by spreading the wavelengths of X-rays employed for exposure to 
15 the shorter wavelength region. Therefore, the intensity of the X-rays can 
be enlarged, whereby a time required for an exposure step can be reduced. 
Consequently, a high throughput can be implemented more reliably than 
general. 

The X-ray mirror according to the aforementioned another aspect 
20 may reflect X-rays included in radiation outgoing from a synchrotron 

radiation source. 

The X-ray mirror according to the aforementioned another aspect 

may absorb at least 90 % of X-rays in a wavelength region of less than 0.3 

nm and cut shorter wavelengths. 
25 When absorbance for X-rays of the wavelength region of less than 0.3 

nm is at least 90 % in this case, short-wave X-rays having wavelengths of 

less than 0.3 nm can be reliably prevented from mixing into exposure light. 

Consequently, generation of photoelectrons in resist can be effectively 

prevented in exposure with these short-wave X-rays. Thus, deterioration 
30 of resolution resulting from photoelectrons can be prevented. 

The X-ray mirror according to the aforementioned another aspect 

may be capable of absorbing X-rays whose wavelengths are only less than 

0.45 nm. 
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In this case, X-rays of a shorter wavelength region than a wavelength 
of about 0.75 nm having been employed in general can be obtained. 
Consequently, X-rays of a shorter wavelength region than general can be 
utilized when employing the X-ray mirror according to the present 
5 invention in an X-ray exposure apparatus. Consequently, it becomes 
possible to transfer a circuit pattern of higher resolution than general. 

Further, X-rays of a shorter wavelength region are employed, 
whereby the energy of the X-rays also becomes larger than general. 
Consequently, irradiation strength for the X-rays also becomes larger than 
10 general, whereby the time required for the exposure step can be reduced. 
Consequently, a throughput higher than general can be readily 
implemented. 

The X-ray mirror according to the aforementioned another aspect 
may contain a material having an absorption edge only in a wavelength 

15 region of less than 0.45 nm as to X-rays. 

The X-ray mirror according to the aforementioned another aspect 
may contain a single type of mirror material selected from a group 
consisting of beryllium, titanium, silver, ruthenium, rhodium and 
palladium, nitrides, carbides andborides of these, diamond, diamond-like 

20 carbon and boron nitride. 

In this case, the material forming the X-ray mirror according to the 
present invention has no absorption peak in the wavelength region of at 
least 0.45 nm and not more than 0.7 nm. Consequently, the X-ray mirror 
according to the present invention hardly absorbs X-rays of the wavelength 

25 region of at least 0.45 nm and not more than 0.7 nm. Therefore, X-rays of 
the aforementioned wavelength region can be more reliably reflected than 
the conventional X-ray mirror, whereby sufficient irradiation strength for 
X-rays can be secured. Consequently, a high throughput can be reliably 
obtained. 

30 The X-ray mirror according to the aforementioned another aspect 

may comprise a substrate and a layer containing a mirror material formed 
on the substrate. 

In this case, a large-sized X-ray mirror having an arbitrary 
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complicated shape can be readily prepared by previously working the 
substrate into a spherical surface or another necessary shape required to 
the X-ray mirror. 

The X-ray mirror according to the aforementioned another aspect 
5 may have a function of converging X-rays. 

In this case, the X-ray mirror for cutting shorter wavelengths also 
has the function of converging X-rays, whereby the structure of an X-ray 
exposure apparatus comprising such an X-ray mirror can be more 
simplified. 

10 The X-ray mirror according to the aforementioned another aspect 

may have a function of magnifying the area of a region capable of being 

simultaneously irradiated with X-rays. 

In this case, the X-ray mirror for cutting shorter wavelengths also 

has the function as a magnifying mirror magnifying a projected region of X- 
15 rays outgoing from the X-ray mirror, whereby the structure of an X-ray 

exposure apparatus comprising such an X-ray mirror can be more 

simplified. 

In the X-ray mirror according to the aforementioned another aspect, 
a surface upon which X-rays are incident may be mechanically polished. 

20 In the X-ray mirror according to the aforementioned another aspect, 

a surface upon which X-rays are incident may be chemically polished. 

An X-ray exposure method according to still another aspect of the 
present invention comprises an X-ray incidence step of making X-rays 
incident upon an X-ray mirror containing a material having an absorption 

25 edge only in at least either one of a wavelength region of less than 0.45 nm 
and a wavelength region exceeding 0.7 nm as to X-rays and an exposure 
step of performing exposure with X-rays outgoing from the said X-ray 
mirror. 

In this case, X-rays of a shorter wavelength region than the 
30 wavelength of about 0.75 nm having been employed in general can be 
utilized. Therefore, it becomes possible to transfer a circuit pattern of 
higher resolution than general. 

Further, the material forming the X-ray mirror in the present 
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invention has no absorption peak in a wavelength region of at least 0.45 nm 
and not more than 0.7 nm. Therefore, X-rays of the wavelength region of 
at least 0.45 nm and not more than 0.7 nm can be more reliably reflected 
than a conventional X-ray mirror, whereby sufficient irradiation strength 
5 for X-rays can be secured. Consequently, a high throughput can be 
reliably obtained. 

Further, short-wave components can be added to general light 
intensity by spreading the wavelengths of X-rays employed for exposure to 
the shorter wavelength region. Therefore, the intensity of the X-rays can 

10 be enlarged, whereby the time required for the exposure step can be 
reduced. Consequently, a high throughput can be implemented more 
reliably than general. 

The X-ray exposure method according to the aforementioned still 
another aspect may further comprise an X-ray outgoing step of making the 

15 X-rays outgo from a synchrotron radiation source. 

In the X-ray exposure method according to the aforementioned still 
another aspect, the X-ray mirror may include an X-ray mirror for cutting 
shorter wavelengths, absorbing at least 90 % of X-rays in a wavelength 
region of less than 0.3 nm. 

20 In this case, short-wave X-rays having wavelengths of less than 0.3 

nm can be reliably prevented from mixing into exposure light. 
Consequently, generation of photoelectrons in resist can be effectively 
prevented in exposure with these short-wave X-rays. Therefore, 
deterioration of resolution resulting from photoelectrons can be prevented. 

25 In the X-ray exposure method according to the aforementioned still 

another aspect, the X-ray mirror may be an X-ray mirror for cutting shorter 
wavelengths absorbing X-rays whose wavelengths are only less than 0.45 
nm. 

In this case, X-rays of a shorter wavelength region can be utilized 
30 than a conventional X-ray exposure method having utilized X-rays whose 
wavelengths are larger than 0.7 nm. Consequently, the wavelengths of X- 
rays employed for exposure reduce, whereby a circuit pattern having higher 
resolution than general can be transferred. 
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The wavelengths of the X-rays reduce so that irradiation strength for 
the X-rays can be enlarged, whereby a higher throughput than general can 
be obtained. 

In the X-ray exposure method according to the aforementioned still 
5 another aspect, the X-ray mirror may contain a material having an 

absorption edge only in a wavelength region of less than 0.45 nm as to X- 
rays. 

In the X-ray exposure method according to the aforementioned still 

another aspect, the X-ray mirror may contain a single type of mirror 
10 material selected from a group consisting of beryllium, titanium, silver, 

ruthenium, rhodium and palladium, nitrides, carbides andborides of these, 

diamond, diamond-like carbon and boron nitride. 

In this case, the X-ray mirror employed in the X-ray exposure method 

according to the present invention has no absorption edge in a wavelength 
15 region of at least 0.45 nm. Consequently, no such an absorption peak that 

X-rays are absorbed by the X-ray mirror is present in the wavelength region 

of at least 0.45 nm, whereby irradiation strength for X-rays can be more 

reliably secured. 

In the X-ray exposure method according to the aforementioned still 
20 another aspect, the X-ray mirror may comprise a substrate and a layer 
containing a mirror material formed on the substrate. 

In this case, the substrate can be previously worked into a shape 
required to the X-ray mirror, whereby an X-ray mirror of a complicated 
shape can be readily obtained. 
25 In the X-ray exposure method according to the aforementioned still 

another aspect, the X-ray incidence step may include a step of converging X- 
rays with the X-ray mirror. 

In this case, a step of cutting shorter wavelengths and the step of 
converging X-rays can be simultaneously performed with the X-ray mirror, 
30 whereby the structure of an X-ray exposure apparatus carrying out the X- 
ray exposure method according to the present invention can be simplified. 

In the X-ray incidence method according to the aforementioned still 
another aspect, the X-ray incidence step may include a step of magnifying 
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the area of a region capable of being simultaneously irradiated with X-rays 
outgoing from the X-ray mirror with the X-ray mirror. 

In this case, the X-ray mirror has both the shorter wavelength 
cutting function and the function of magnifying the area of the region 
5 capable of being simultaneously irradiated with X-rays, whereby the 

structure of the X-ray exposure apparatus carrying out the X-ray exposure 
method according to the present invention can be simplified. 

In the X-ray exposure method according to the aforementioned still 
another aspect, the X-ray incidence step may include a step of further 
10 converging X-rays with a converging mirror. 

Therefore, the X-ray mirror for cutting shorter wavelengths and the 
converging mirror are independently employed, whereby the X-ray exposure 
method according to the present invention can be readily executed by 
inserting the X-ray mirror according to the present invention in a 
15 conventional X-ray exposure apparatus. 

In the X-ray exposure method according to the aforementioned still 
another aspect, the X-ray incidence step may include a step of magnifying 
the area of the region capable of being simultaneously irradiated with X- 
rays using magnifying mirror. 
20 In this case, the X-ray mirror for cutting shorter wavelengths and the 

magnifying mirror are independently employed, whereby the X-ray 
exposure method according to the present invention can be readily executed 
by inserting the X-ray mirror according to the present invention in an X-ray 
exposure apparatus in which the conventional X-ray exposure method has 
25 been performed. 

In the X-ray exposure method according to the aforementioned still 
another aspect, it may employ an X-ray mirror whose surface upon which 
X-rays are incident is mechanically polished in the X-ray incidence step. 

In the X-ray exposure method according to the aforementioned still 
30 another aspect, it may employ a X-ray mirror whose surface upon which X- 
rays are incident is chemically polished in the X-ray incidence step. 

In the X-ray exposure method according to the aforementioned still 
another aspect, it may employ an X-ray mask, and this X-ray mask may 
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include a membrane and an X-ray absorber formed on the membrane. The 
membrane may contain a single species selected from a group consisting of 
diamond, diamond-like carbon, boron nitride and beryllium. 

At this point, the material employed in the membrane of the X-ray 
5 mask according to the present invention has no absorption edge in a 

wavelength region around 0.67 nm, dissimilarly to a silicon-based material 
having been employed for a conventional membrane. In the case of 
employing X-rays having wavelengths of not more than 0.7 nm which is a 
shorter wavelength region than general in the exposure step, therefore, 
10 these X-rays can be prevented from being absorbed in the membrane. 

Consequently, a sufficient quantity of exposure can be secured. Therefore, 
transmittance for X-rays in the membrane can be increased than the case of 
employing a conventional X-ray mask, whereby a high throughput can be 
secured. 

15 In the X-ray exposure method according to the aforementioned still 

another aspect, it may employ an X-ray mask, and this X-ray mask may 
include a membrane and an X-ray absorber formed on the membrane. The 
membrane may contain a material having an absorption edge only in at 
least either one of a wavelength region of less than 0.45 nm and a 

20 wavelength region exceeding 0.7 nm as to X-rays, and the X-ray absorber 

may contain a material having an absorption edge in a wavelength region of 
at least 0.6 nm and less than 0.85 nm. 

In this case, the material contained in the membrane has no 
absorption edge in the wavelength region of at least 0.45 nm and not more 

25 than 0.7 nm, whereby X-rays of such a shorter wavelength region than 
general can be effectively utilized in the X-ray exposure step. 

While absorbance for X-rays exhibits a peak value at the absorption 
edge wavelength of the material, absorbance for X-rays reaches a 
sufficiently large value also in a wavelength region of about 0.15 nm around 

30 this absorption edge wavelength. When the X-ray absorber contains the 
material having an absorption edge in the wavelength region of at least 0.6 
nm and less than 0.85 nm, therefore, X-rays employed for exposure can be 
reliably screened with this X-ray absorber in the wavelength region (at 
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least 0.45 nm and not more than 0.7 nm) of the X-rays employed for 
exposure. Further, the material having an absorption edge in such a 
wavelength region is employed as the X-ray absorber, whereby the 
thickness of the X-ray absorber can be reduced. Consequently, the aspect 
5 ratio of a transfer circuit pattern formed by the X-ray absorber can be 

reduced. Therefore, a fine circuit pattern can be reliably transferred with 
X-rays of a shorter wavelength region than general. 

In the X-ray exposure method according to the aforementioned still 
another aspect, the X-ray absorber may contain a single species selected 
10 from a group consisting of tungsten, tantalum and rhenium. 

In the X-ray exposure method according to the aforementioned still 
another aspect, the X-ray absorber may include stacked first layer and 
second layer. 

In this case, a plurality of layers are formed in the X-ray absorber, 
15 whereby the degree of freedom of the material employed as the X-ray 
absorber can be more increased. When forming the X-ray absorber by 
combining materials whose absorption peak wavelengths for X-rays are 
different, X-rays can be reliably screened with an X-ray absorber of a 
smaller thickness than the case of forming the X-ray absorber with a single 
20 material. 

In the X-ray exposure method according to the aforementioned still 
another aspect, a first material contained in the first layer may have a 
larger atomic weight than the atomic weight of a second material contained 
in the second layer. 

25 A heavy element such as molybdenum or rhodium whose atomic 

weight is relatively large may be employed as the first material, while it is 
preferable to employ a light element such as carbon or beryllium whose 
atomic weight is relatively low as the second material. Thus, the thickness 
of the X-ray absorber can be more reduced by employing materials whose 

30 absorption peak wavelengths for X-rays are different. 

In the X-ray exposure method according to the aforementioned still 
another aspect, it may employ a plurality of X-ray mirrors in the X-ray 
incidence step. 
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In this case, the degree of freedom at the time of designing X-ray 
oblique-incidence angles or outgoing optical axes in the X-ray mirrors can 
be enlarged by employing a plurality of X-ray mirrors. 

Further, X-rays of a shorter wavelength region can be more reliably 
5 cut by employing a plurality of X-ray mirrors. 

In the X-ray exposure method according to the aforementioned still 
another aspect, it may employ at least two and not more than four X-ray 
mirrors in the X-ray incidence step. 

In the case of employing two X-ray mirrors in this case, for example, 
10 the oblique-incidence angles of X-rays with respect to the X-ray mirrors can 
be arbitrarily set in a state keeping the outgoing direction of the X-rays 
from the X-ray mirrors constant by controlling the positions of the X-ray 
mirrors and the oblique-incidence angles of the X-rays with respect to the 
X-ray mirrors. 

15 When employing the X-ray mirrors by three or four, the oblique- 

incidence angles of the X-rays with respect to the X-ray mirrors can be 
controlled without changing the optical axes of the X-rays. Therefore, it 
becomes possible to readily carry out the X-ray exposure method according 
to the present invention by inserting the X-ray mirrors according to the 

20 present invention in an X-ray exposure apparatus in which the 
conventional X-ray exposure method has been performed. 

When increasing the number of the X-ray mirror to three or four, the 
width of a wavelength region capable of controlling the peak wavelength of 
X-rays can be rendered broader. 

25 In the X-ray exposure method according to the aforementioned still 

another aspect, the outgoing direction of X-rays outgoing from the X-ray 
mirror finally reached by X-rays among the plurality of X-ray mirrors may 
be substantially identical to the incidence direction of X-rays incident upon 
the X-ray mirror initially reached by X-rays among the plurality of X-ray 

30 mirrors in the X-ray incidence step. 

In this case, X-rays having an arbitrary peak wavelength can be 
obtained in a state rendering the outgoing direction of the X-rays 
substantially identical to the incidence direction by controlling the positions 
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of the X-ray mirrors and the angles with respect to the X-rays. 

In the X-ray exposure method according to the aforementioned still 
another aspect, the X-ray incidence step may include a step of controlling 
the position of the X-ray mirror and a step of controlling the angle of a 
5 surface of the X-ray mirror upon which X-rays are incident and the 
incidence direction of the X-rays. 

In this case, X-rays having an arbitrary peak wavelength can be 
more reliably obtained in a state keeping the outgoing direction and the 
incidence direction of the X-rays substantially identical. 
10 Further, the peak wavelength of the X-rays can be controlled by 

controlling the angle (oblique -incidence angle) of the surface of the X-ray 
mirror upon which X-rays are incident and the incidence direction of the X- 
rays. 

In the X-ray exposure method according to the aforementioned still 
15 another aspect, the outgoing optical axis of X-rays outgoing from the X-ray 
mirror finally reached by X-rays among the plurality of X-ray mirrors may 
be substantially identical to the incidence optical axis of X-rays incident 
upon the X-ray mirror initially reached by X-rays among the plurality of X- 
ray mirrors in the X-ray incidence step. 
20 In this case, X-rays having an arbitrary peak wavelength can be 

obtained when controlling the oblique-incidence angles of the X-rays with 
respect to the X-ray mirrors in a state rendering the outgoing optical axis 
and the incidence optical axis of the X-rays substantially identical. 

In the X-ray exposure method according to the aforementioned still 
25 another aspect, it may include a step of controlling the position of the X-ray 
mirror in a state keeping the outgoing optical axis substantially identical 
and a step of controlling the angle of the surface of the X-ray mirror upon 
which X-rays are incident and the incidence direction of the X-rays in the X- 
ray incidence step. 

30 In this case, X-rays having an arbitrary peak wavelength can be 

readily obtained in the state keeping the outgoing optical axis substantially 
identical. 

In the X-ray exposure method according to the aforementioned still 
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another aspect, the X-ray incidence step may further comprise a step of 
changing the peak wavelength of the X-rays outgoing from the X-ray mirror. 

In this case, the peak wavelength of the X-rays can be controlled to 
be suitable to the X-ray mask employed in the X-ray exposure method, 
resolution required to a transfer circuit pattern and the characteristics of 
resist applied onto a semiconductor substrate. Consequently, a circuit 
pattern of higher resolution can be reliably transferred. 

A synchrotron radiation apparatus according to a further aspect of 
the present invention comprises a synchrotron radiation source and an X- 
ray mirror group including a plurality of X-ray mirrors upon which 
radiation outgoing from the synchrotron radiation source is incident. The 
X-ray mirrors contain a material having an absorption edge only in at least 
either one of a wavelength region of less than 0.45 nm and a wavelength 
region exceeding 0.7 nm as to X-rays, and the outgoing direction of the 
radiation outgoing from the synchrotron radiation source and the outgoing 
direction of reflected light outgoing from the X-ray mirror group are 
substantially identical. 

Therefore, synchrotron radiation can be readily obtained including X- 
rays of a shorter wavelength region than the wavelength of about 0.75 nm 
having been considered as employed for X-ray exposure in general. 
Consequently, radiation (X-rays) of a shorter wavelength region than 
general can be utilized when applying the synchrotron radiation apparatus 
according to the present invention to an X-ray exposure apparatus. 
Therefore, it becomes possible to transfer a circuit pattern of higher 
resolution than general. 

Further, the material forming the X-ray mirrors of the synchrotron 
radiation apparatus according to the present invention has no absorption 
peak in a wavelength region of at least 0.45 nm and not more than 0.7 nm. 
Therefore, X-rays of the wavelength region of at least 0.45 nm and not more 
than 0.7 nm can be more reliably reflected than conventional X-ray mirrors, 
whereby sufficient irradiation strength for X-rays can be secured. 
Consequently, a high throughput can be attained when applying the 
synchrotron radiation apparatus according to the present invention to an X- 
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ray exposure apparatus. Further, short-wave components can be added to 
general light intensity by spreading the wavelengths of X-rays employed for 
exposure to a shorter wavelength region. Therefore, the intensity of the X- 
rays can be enlarged, whereby a time required for an exposure step can be 
5 reduced. Consequently, a high throughput can be implemented more 
reliably than general. 

When controlling the oblique-incidence angles of X-rays with respect 
to the X-ray mirrors in a state holding the outgoing direction of radiation 
from the synchrotron radiation source and the outgoing direction of 

10 reflected light from the X-ray mirror group substantially identical, X-rays of 
arbitrary wavelengths can be obtained. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, the outgoing optical axis of the radiation 
outgoing from the synchrotron radiation source and the outgoing optical 

15 axis of reflected light outgoing from the X-ray mirror group may be 
substantially identical. 

In this case, radiation (X-rays) having a peak wavelength in a shorter 
wavelength region than general, from which X-rays of a shorter wavelength 
region are cut, can be obtained in the state holding the outgoing optical axis 

20 of the radiation from the synchrotron radiation source and the outgoing 
optical axis of the radiation from the X-ray mirror group substantially 
identical. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, the X-ray mirrors may contain beryllium as 
25 a mirror material. Further, the X-ray mirrors may include three plane 
mirrors. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, the X-ray mirrors may contain rhodium as a 
mirror material. 

30 In the synchrotron radiation apparatus according to the 

aforementioned further aspect, the X-ray mirrors may include three plane 
mirrors containing beryllium as well as a magnifying mirror and a 
converging mirror containing rhodium. 
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A synchrotron radiation method according to a further aspect of the 
present invention is a synchrotron radiation method employing a 
synchrotron radiation apparatus comprising a synchrotron radiation source 
and an X-ray mirror group including a plurality of X-ray mirrors upon 
5 which radiation outgoing from the synchrotron radiation source is incident, 
and comprises a radiation incidence step of making radiation outgoing from 
the synchrotron radiation source incident upon the X-ray mirrors 
containing a material having an absorption edge only in at least either one 
of a wavelength region of less than 0.45 nm and a wavelength region 

10 exceeding 0.7 nm as to X-rays and a reflected light emitting step of emitting 
reflected light from the X-ray mirror group in a direction substantially 
identical to the outgoing direction of the radiation outgoing from the 
synchrotron radiation source. 

Therefore, synchrotron radiation including X-rays of a shorter 

15 wavelength region than the wavelength of about 0.75 nm having been 
considered as employed for X-ray exposure in general can be readily 
obtained. Consequently, radiation (X-rays) of a shorter wavelength region 
than general can be utilized when applying the synchrotron radiation 
method according to the present invention to an X-ray exposure step. 

20 Therefore, it becomes possible to transfer a circuit pattern of higher 
resolution than general. 

Further, the material forming the X-ray mirrors in the synchrotron 
radiation method according to the present invention has no absorption peak 
in a wavelength region of at least 0.45 nm and not more than 0.7 nm. 

25 Therefore, X-rays in the wavelength region of at least 0.45 nm and not more 
than 0.7 nm can be more readily reflected than conventional X-ray mirrors, 
whereby sufficient irradiation strength for X-rays can be secured. 
Consequently, a high throughput can be attained when applying the 
synchrotron radiation method according to the present invention to an X- 

30 ray exposure step. Further, short-wave components can be added to 

general light intensity by spreading the wavelengths of X-rays employed for 
exposure to the shorter wavelength region. Therefore, the intensity of the 
X-rays can be enlarged, whereby a time required for the exposure step can 
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be reduced. Consequently, a high throughput can be implemented more 
reliably than general. 

Further, X-rays of arbitrary wavelengths can be obtained when 
controlling the oblique-incidence angles of the X-rays with respect to the X- 
ray mirrors in a state holding the outgoing direction of the radiation from 
the synchrotron radiation source and the outgoing direction of the reflected 
light from the X-ray mirror group substantially identical. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the outgoing optical axis of the radiation outgoing from the 
synchrotron radiation source and the outgoing optical axis of the reflected 
light outgoing from the X-ray mirror group may be substantially identical. 

In this case, radiation (X-rays) having a peak wavelength in a shorter 
wavelength region than general, from which X-rays of a shorter wavelength 
region are cut, can be readily obtained in a state holding the outgoing 
optical axis of the radiation from the synchrotron radiation source and the 
outgoing optical axis of the reflected light from the X-ray mirror group 
substantially identical. 

An X-ray mask according to a further aspect of the present invention 
comprises a membrane and an X-ray absorber formed on the membrane. 
The membrane contains a material having an absorption edge only in at 
least either one of a wavelength region of less than 0.45 nm and a 
wavelength region exceeding 0.7 nm as to X-rays, and the X-ray absorber 
contains a material having an absorption edge in a wavelength region of at 
least 0.6 nm and less than 0.85 nm. 

At this point, a conventional X-ray mask mainly employed silicon- 
based materials. These silicon-based materials had absorption edges in a 
wavelength region around 0.67 nm. When employing X-rays of a 
wavelength region of not more than 0.7 nm as exposure light for X-ray 
exposure, therefore, it has been difficult to attain sufficient irradiation 
strength. 

In the X-ray mask according to the present invention, however, more 
sufficient irradiation strength than the conventional X-ray mask can be 
attained when employing X-rays of not more than 0.7 nm, by employing a 
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material having no absorption edge in the wavelength region of at least 
0.45 nm and not more than 0.7 nm as the membrane. Consequently, a 
high throughput can be implemented. 

Further, a sufficient contrast can be attained by employing a 
material having an absorption edge in the wavelength region of at least 0.6 
nm and less than 0.85 nm, more preferably a material having an absorption 
edge on a slightly longer wavelength side than a peak exposure wavelength 
as the X-ray absorber, also when reducing the thickness of the X-ray 
absorber in a principal exposure wavelength region. This is for the 
following reason: That is, while absorbance for X-rays exhibits a peak 
value at the absorption edge wavelength of the material, the absorbance for 
X-rays reaches a sufficiently large value also in a wavelength region of 
about 0.15 nm around this absorption edge wavelength. When the X-ray 
absorber contains a material having an absorption edge in the wavelength 
region of at least 0.6 nm and less than 0.85 nm, therefore, X-rays employed 
for exposure can be reliably screened with this X-ray absorber in the 
wavelength region (at least 0.45 nm and not more than 0.7 nm) of X-rays 
employed for exposure. Consequently, the thickness of the X-ray absorber 
can be reduced. Consequently, the aspect ratio of a transfer circuit 
pattern formed by the X-ray absorber can be reduced. Therefore, influence 
by a waveguide effect or the like can be reduced, whereby a circuit pattern 
of high resolution can be transferred. 

In the X-ray mask according to the aforementioned further aspect, 
the X-ray absorber may contain a single species selected from a group 
consisting of tungsten, tantalum and rhenium. 

In the X-ray mask according to the aforementioned further aspect, 
the membrane may contain a single species selected from a group consisting 
of diamond, diamond-like carbon, boron nitride and beryllium. 

By employing a material such as diamond having no absorption edge 
in the wavelength region of at least 0.45 nm and not more than 0.7 nm as 
the membrane in this case, more sufficient irradiation strength can be 
obtained than a conventional X-ray mask when employing X-rays of not 
more than 0.7 nm as exposure light. Consequently, a high throughput can 
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be implemented. 

In the X-ray mask according to the aforementioned further aspect, 
the X-ray absorber may include a first layer and a second layer formed on 
the first layer. 

5 In this case, a plurality of materials can be employed as the X-ray 

absorber by structuring the X-ray absorber by a plurality of layers. 
Therefore, the degree of freedom in design of the X-ray mask can be 
enlarged. 

When employing materials whose absorption peak wavelengths for 
10 X-rays are different respectively as the X-ray absorber, X-rays of a 

necessary wavelength region can be screened with a smaller thickness than 
the case of employing a single material as the X-ray absorber. 
Consequently, the thickness of the X-ray absorber can be reduced than 
general. 

15 An X-ray exposure apparatus according to a further aspect of the 

present invention includes the X-ray mask according to the aforementioned 
further aspect. 

Therefore, X-rays of not more than 0.7 nm can be effectively utilized 
as exposure light, whereby a circuit pattern of high resolution can be 
20 transferred while a high throughput can be implemented at the same time. 

A semiconductor device according to a further aspect of the present 
invention is manufactured with the X-ray exposure method according to the 
aforementioned further aspect. 

When employing the X-ray exposure method according to the present 
25 invention as described above in this case, a circuit pattern of higher 

resolution than general can be transferred, whereby a semiconductor device 
more highly integrated than general can be obtained. 

A synchrotron radiation apparatus according to a further aspect of 
the present invention comprises an X-ray mirror containing a material 
30 having an absorption edge only in at least either one of a wavelength region 
of less than 0.45 nm and a wavelength region exceeding 0.7 nm as to X-rays. 

In this case, X-rays of a shorter wavelength region than the 
wavelength of about 0.75 nm having been employed for X-ray exposure or 
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the like in general can be obtained. Consequently, X-rays of a shorter 
wavelength region than general can be utilized when employing the 
synchrotron radiation apparatus according to the present invention in an X- 
ray exposure apparatus. Therefore, it becomes possible to transfer a 
5 circuit pattern of higher resolution than general. 

Further, the material forming the X-ray mirror according to the 
present invention has no absorption peak in a wavelength region of at least 
0.45 nm and not more than 0.7 nm. Therefore, X-rays in the wavelength 
region of at least 0.45 nm and not more than 0.7 nm can be more reliably 
10 reflected than a conventional X-ray mirror, whereby sufficient irradiation 
strength for X-rays can be secured. Consequently, a high throughput can 
be attained in an X-ray exposure step. 

In addition, short-wave components can be added to general light 
intensity by spreading the wavelengths of X-rays employed for exposure to 
15 the shorter wavelength region. Therefore, the intensity of the X-rays can 
be enlarged, whereby the time required for the exposure step can be 
reduced. Consequently, a high throughput can be implemented more 
reliably than general. 

In the synchrotron radiation apparatus according to the 
20 aforementioned further aspect, the X-ray mirror may be an X-ray mirror for 
cutting shorter wavelengths absorbing at least 90 % of X-rays of a 
wavelength region of less than 0.3 nm. 

When absorbance for X-rays of the wavelength region of less than 0.3 
nm is at least 90 % in this case, short-wave X-rays having wavelengths of 
25 less than 0.3 nm can be reliably prevented from mixing into exposure light 
when employing the synchrotron radiation apparatus according to the 
present invention for X-ray exposure. Consequently, generation of 
photoelectrons in resist can be effectively prevented in exposure with these 
short-wave X-rays. Therefore, deterioration of resolution resulting from 
30 photoelectrons can be prevented. 

The synchrotron radiation apparatus according to the 
aforementioned further aspect of the present invention may be such that 
the said X-ray mirror is an X-ray mirror for cutting shorter wavelengths 
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absorbing X-rays whose wavelengths are only less than 0.45 nm. 

In this case, X-rays of a shorter wavelength region than the 
wavelength of about 0.75 nm having been employed in general can be 
obtained. Consequently, X-rays of a shorter wavelength region than 
5 general can be utilized when employing the X-ray mirror according to the 
present invention in the synchrotron radiation apparatus. Therefore, 
when applying the synchrotron radiation apparatus according to the 
present invention to an X-ray exposure apparatus, it becomes possible to 
transfer a circuit pattern of higher resolution than general. 

10 In the synchrotron radiation apparatus according to the 

aforementioned further aspect, the aforementioned X-ray mirror may 
contain a material having an absorption edge only in a wavelength region of 
less than 0.45 nm as to X-rays. 

In the synchrotron radiation apparatus according to the 

15 aforementioned further aspect, the X-ray mirror may contain a single type 
of mirror material selected from a group consisting of beryllium, titanium, 
silver, ruthenium, rhodium and palladium, nitrides, carbides andborides of 
these, diamond, diamond-like carbon and boron nitride. 

In this case, the material forming the X-ray mirror according to the 

20 present invention has no absorption peak in a wavelength region of at least 
0.45 nm and not more than 0.7 nm. Consequently, the X-ray mirror 
according to the present invention hardly absorbs X-rays of the wavelength 
region of at least 0.45 nm and not more than 0.7 nm. Therefore, X-rays of 
the wavelength region of at least 0.45 nm and not more than 0.7 nm can be 

25 more reliably reflected than a conventional X-ray mirror, whereby sufficient 
irradiation strength for X-rays can be secured. Consequently, a high 
throughput can be reliably attained. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, the X-ray mirror may comprise a substrate 

30 and a layer containing a mirror material formed on the substrate. 

By employing a material easy to work as the substrate in this case, 
this substrate can be previously subjected to working into a shape such as a 
spherical surface necessary for the X-ray mirror. Consequently, a large- 
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sized X-ray mirror having a complicated shape can he readily prepared. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, the X-ray mirror may have a function of 
converging X-rays. 

5 In this case, the X-ray mirror for cutting shorter wavelengths also 

has the function of converging X-rays, whereby the structure of the 
synchrotron radiation apparatus can be more simplified. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, the X-ray mirror may have a function of 
10 magnifying the area of a region capable of being simultaneously irradiated 
with X-rays outgoing from the X-ray mirror. 

In this case, the X-ray mirror for cutting shorter wavelengths also 
has the function as a magnifying mirror magnifying a projected region of 
the X-rays outgoing from the X-ray mirror, whereby the structure of the 
15 synchrotron radiation apparatus can be more simplified. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, it may further comprise a converging mirror 
converging X-rays. 

In this case, the converging mirror and the X-ray mirror for cutting 
20 shorter wavelengths can be separately adjusted, whereby finer setting can 
be performed. 

Further, it employs the structure separately comprising the 
converging mirror and the X-ray mirror for cutting shorter wavelengths in 
this manner, whereby it becomes possible to readily modify a conventional 

25 synchrotron radiation apparatus to the synchrotron radiation apparatus 

according to the present invention by inserting this X-ray mirror for cutting 
shorter wavelengths in the conventional synchrotron radiation apparatus. 
Consequently, when employing the synchrotron radiation apparatus 
according to the present invention to an X-ray exposure apparatus, X-rays 

30 of a shorter wavelength region than general can be employed as exposure 
light, while the cost for implementing the synchrotron radiation apparatus 
according to the present invention can be reduced at the same time. 
In the synchrotron radiation apparatus according to the 
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aforementioned further aspect, it may further comprise a magnifying 
mirror having a function of magnifying the area of a region capable of being 
simultaneously irradiated with X-rays outgoing from the X-ray mirror. 

In this case, the magnifying mirror and the X-ray mirror for cutting 
5 shorter wavelengths can be separately adjusted, whereby finer setting can 
be performed. 

Further, it employs the structure separately comprising the 
magnifying mirror and the X-ray mirror for cutting shorter wavelengths, 
whereby the synchrotron radiation apparatus according to the present 

10 invention can be readily implemented by inserting the X-ray mirror for 
cutting shorter wavelengths according to the present invention in the 
conventional synchrotron radiation apparatus. Consequently, the cost for 
implementing the synchrotron radiation apparatus according to the present 
invention can be reduced. 

15 In the synchrotron radiation apparatus according to the 

aforementioned further aspect, a surface of the X-ray mirror upon which X- 
rays are incident may be mechanically polished. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, a surface of the X-ray mirror upon which X- 

20 rays are incident may be chemically polished. 

The synchrotron radiation apparatus according to the 
aforementioned further aspect may further comprise an X-ray mask. The 
X-ray mask may include a membrane and an X-ray absorber formed on the 
membrane. The membrane may contain a single species selected from a 

25 group consisting of diamond, diamond-like carbon, boron nitride and 
beryllium. 

In this case, the material employed as the membrane of the X-ray 
mask according to the present invention has no absorption edge in a 
wavelength region around 0.67 nm dissimilarly to a silicon-based material 
30 having been employed as a conventional membrane, whereby total 

transmittance for X-rays in a wavelength region of at least 0.45 nm can be 
rendered higher than general. Consequently, when applying the 
synchrotron radiation apparatus according to the present invention to an X- 
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ray exposure apparatus, the time required for the exposure step can be 
more reliably reduced than general, whereby the throughput of the 
exposure step can be rendered higher than general. 

In the synchrotron radiation apparatus according to the 
5 aforementioned further aspect, it may comprise an X-ray mask, and the X- 
ray mask may include a membrane and an X-ray absorber formed on the 
membrane. The membrane may contain a material having an absorption 
edge only in at least either one of a wavelength region of less than 0.45 nm 
and a wavelength region exceeding 0.7 nm as to X-rays, and the X-ray 

10 absorber may contain a material having an absorption edge in a wavelength 
region of at least 0.6 nm and less than 0.85 nm. 

In this case, the material contained in the membrane has no 
absorption edge in a wavelength region of at least 0.45 nm and not more 
than 0.7 nm, whereby X-rays of a shorter wavelength region than general 

15 can be effectively utilized in an X-ray exposure step when applying the 

synchrotron radiation apparatus according to the present invention to an X- 
ray exposure apparatus. 

While the absorbance for X-rays exhibits a peak value at the 
absorption edge wavelength of the material, the absorbance for X-rays 

20 reaches a sufficiently large value also in a wavelength region of 0.15 nm 
around this absorption edge wavelength. Therefore, when the X-ray 
absorber contains a material having an absorption edge in the wavelength 
region of at least 0.6 nm and less than 0.85 nm, X-rays employed for 
exposure can be reliably screened with this X-ray absorber in the 

25 wavelength region (at least 0.45 nm and not more than 0.7 nm) of the X- 
rays employed for exposure. Further, the material having an absorption 
edge in such a wavelength region is employed as the X-ray absorber, 
whereby the thickness of the X-ray absorber can be reduced. Consequently, 
the aspect ratio of a transfer circuit pattern formed by the X-ray absorber 

30 can be reduced. Therefore, a fine circuit pattern can be reliably 

transferred with X-rays of a shorter wavelength region than general when 
applying the synchrotron radiation apparatus according to the present 
invention to an X-ray exposure apparatus. 



- 38 - 



In the synchrotron radiation apparatus according to the 
aforementioned further aspect, the X-ray absorber may contain a single 
species selected from a group consisting of tungsten, tantalum and rhenium. 
In the synchrotron radiation apparatus according to the 
5 aforementioned further aspect, the X-ray absorber may include stacked first 
layer and second layer. 

In this case, the X-ray absorber is structured by a plurality of layers, 
whereby the degree of freedom in selection of the material employed as the 
X-ray absorber can be enlarged. 
10 Further, a plurality of materials whose absorption peak wavelengths 

are different as to X-rays can be employed as the X-ray absorber, whereby 
it becomes possible to more reduce the thickness of the X-ray absorber in 
the case where X-rays of a wide wavelength region must be absorbed than 
the case of forming a single-layer X-ray absorber employing a single 
15 material. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, a first material contained in the first layer 
may have a larger atomic weight than the atomic weight of a second 
material contained in the second layer. 
20 In this case, the absorption peak wavelength for X-rays can be varied 

with each layer by including elements whose atomic weights are different 
as the first and second materials and forming a plurality of layers, whereby 
X-rays can be reliably absorbed over a wider wavelength range. 

A heavy element such as molybdenum or rhodium whose atomic 
25 weight is large may be employed as the first material. Further, a light 
element such as carbon or beryllium whose atomic weight is small may be 
employed as the second material. 

Thus, X-rays can be more reliably absorbed by forming the X-ray 
absorber stacking a heavy element and a light element. When rendering 
30 screenability for X-rays substantially equivalent, therefore, the thickness of 
the X-ray absorber can be rendered smaller than general. Consequently, 
the aspect ratio of a transfer pattern formed on the X-ray absorber can be 
reduced. The aspect ratio can be thus reduced, whereby the transfer 
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pattern can be readily formed and high transfer accuracy can be 
implemented at the same time when applying the synchrotron radiation 
apparatus according to the present invention to an X-ray exposure 
apparatus. 

5 The synchrotron radiation apparatus according to the 

aforementioned further aspect may comprise a plurality of X-ray mirrors. 

In this case, the degree of freedom at the time of designing the 
synchrotron radiation apparatus such as setting of optical axes of X-rays 
employed for exposure can be enlarged. Further, short-wave X-rays can be 
10 more reliably removed from X-rays employed for exposure by employing a 
plurality of X-ray mirrors for cutting shorter wavelengths. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, it may comprise the X-ray mirrors by at 
least two and not more than four. 
15 In the case of employing two X-ray mirrors in this case, the traveling 

direction of X-rays before entering these two X-ray mirrors and the 
traveling direction of X-rays finally outgoing from the two X-ray mirrors 
can be rendered substantially parallel by adjusting the obhque-incidence 
angles of the X-rays in these X-ray mirrors. Further, the peak wavelength 
20 of the X-rays employed for exposure can be controlled by controlling the 
angles of the incidence direction of the X-rays with respect to the X-ray 
mirrors and reflecting surfaces of the X-ray mirrors. 

When employing three or four X-ray mirrors, the oblique-incidence 
angles of the X-rays in the X-ray mirrors and the positions of the optical 
25 axes of the X-rays finally outgoing from the X-ray mirrors can be 

independently controlled, whereby the degree of freedom in design of the 
synchrotron radiation apparatus can be more enlarged. 

When inserting the X-ray mirrors according to the present invention 
in a conventional synchrotron radiation apparatus, it becomes possible to 
30 assemble the X-ray mirrors according to the present invention into the 

conventional synchrotron radiation apparatus without changing the optical 
axis of general X-rays. 

The changeable wavelength region of X-rays can be more widened 
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rather by employing four X-ray mirrors than the case of employing two X- 
ray mirrors. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, the outgoing direction of X-rays outgoing 
from the X-ray mirror finally reached by X-rays among the plurality of X- 
ray mirrors may be substantially identical to the incidence direction of X- 
rays incident upon the X-ray mirror initially reached by X-rays among the 
plurality of X-ray mirrors. 

In this case, the oblique -incidence angles of the X-rays with respect 
to the X-ray mirrors can be controlled in a state substantially identically 
holding the incidence direction of the X-rays and the outgoing direction of 
the X-rays, whereby X-rays of arbitrary wavelengths can be obtained 
without changing the outgoing direction of the X-rays. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, it may comprise a function of controlling the 
position of the X-ray mirror and a function of controlling the angle of a 
surface of the X-ray mirror upon which X-rays are incident and the 
incidence direction of the X-rays. 

In this case, the angle (oblique-incidence angle) of the surface of the 
X-ray mirror upon which X-rays are incident and the incidence angle of the 
X-rays can be arbitrarily selected without changing the outgoing direction 
of the X-rays (in a state keeping the traveling direction of the X-rays 
constant). Consequently, X-rays having an arbitrary peak wavelength, 
from which X-rays of a shorter wavelength region are cut, can be obtained 
by controlling the oblique-incidence angle. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, the outgoing optical axis of X-rays outgoing 
from the X-ray mirror finally reached by the X-rays among the plurality of 
X-ray mirrors may be substantially identical to the incidence optical axis of 
X-rays incident upon the X-ray mirror initially reached by the X-rays 
among the plurality of X-ray mirrors. 

In this case, X-rays having a peak wavelength in a shorter 
wavelength region than general, from which X-rays of the shorter 
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wavelength region are cut, can be obtained in a state rendering the 
incidence optical axis and the outgoing optical axis substantially identical. 

In the synchrotron radiation apparatus according to the 
aforementioned further aspect, it may comprise a function of controlling the 
5 position of the X-ray mirror in a state keeping the outgoing optical axis 

substantially identical and a function of controlling the angle of a surface of 
the X-ray mirror upon which X-rays are incident and the incidence direction 
of the X-rays. 

In this case, X-rays having an arbitrary peak wavelength, from which 
10 X-rays of a shorter wavelength region are cut, can be readily obtained by 
controlling the position of the X-ray mirror and the oblique-incidence angle 
in a state keeping the incidence optical axis and the outgoing optical axis of 
the X-rays substantially identical. 

In the synchrotron radiation apparatus according to the 
15 aforementioned further aspect, it may be possible to change the peak 
wavelength of X-rays outgoing from the X-ray mirror. 

In this case, the peak wavelength of the X-rays can be controlled to 
be more suitable to the material for the X-ray mask, resolution required to 
the transferred circuit pattern, the characteristics of resist and the like. 
20 Consequently, it becomes possible to accurately form a finer circuit pattern 
than general. 

A synchrotron radiation method according to a further aspect of the 

present invention comprises an X-ray emitting step of emitting X-rays from 

a synchrotron radiation source and an X-ray incidence step of making the 
25 said X-rays in an X-ray mirror containing a material having an absorption 

edge only in at least either one of a wavelength region of less than 0.45 nm 

and a wavelength region exceeding 0.7 nm as to X-rays. 

In this case, X-rays of a shorter wavelength region than the 

wavelength of about 0.75 nm having been employed in general can be taken 
30 out from the synchrotron radiation source, whereby X-rays of this shorter 

wavelength region can be readily utilized in an X-ray exposure step. 

Therefore, it becomes possible to transfer a circuit pattern of higher 

resolution than general. 
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Further, the material forming the X-ray mirror in the present 
invention has no absorption peak in a wavelength region of at least 0.45 nm 
and not more than 0.7 nm. Therefore, X-rays of the wavelength region of 
at least 0.45 nm and not more than 0.7 nm can be more reliably reflected 
than a conventional X-ray mirror, whereby sufficient irradiation strength 
for X-rays can be secured. Consequently, a high throughput can be 
reliably attained in the X-ray exposure step. 

Further, short-wave components can be added to general light 
intensity by spreading the wavelengths of X-rays employed for exposure to 
a shorter wavelength region. Therefore, the intensity of X-rays can be 
enlarged, whereby the time required for the exposure step can be reduced. 
Consequently, a high throughput can be implemented more reliably than 
general. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the X-ray mirror may include an X-ray mirror for cutting 
shorter wavelengths absorbing X-rays of a wavelength region of less than 
0.3 nm by at least 90 %. 

In this case, short-wave X-rays having wavelengths of less than 0.3 
nm can be reliably prevented from mixing into exposure light. 
Consequently, generation of photoelectrons in resist can be effectively 
prevented in exposure with these short-wave X-rays. Therefore, 
deterioration of resolution resulting from photoelectrons can be prevented. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the X-ray mirror may be an X-ray mirror for cutting shorter 
wavelengths absorbing X-rays whose wavelengths are only less than 0.45 
nm. 

In this case, X-rays of a shorter wavelength region can be utilized 
than a conventional synchrotron radiation method having utilized X-rays 
whose wavelengths are larger than 0.7 nm. Consequently, the 
wavelengths of X-rays employed for exposure reduce, whereby a circuit 
pattern having higher resolution than general can be transferred. 

Further, the wavelengths of the X-rays so reduce that irradiation 
strength for X-rays can be enlarged, whereby a higher throughput than 
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general can be attained. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the X-ray mirror may contain a material having an 
absorption edge only in a wavelength region of less than 0.45 nm as to X- 
5 rays. 

In this case, the X-ray mirror employed in the synchrotron radiation 
method according to the present invention has no absorption edge in a 
wavelength region of at leas 0.45 nm. Consequently, no such absorption 
peak that X-rays are absorbed by the X-ray mirror is present in the 
10 wavelength region of at least 0.45 nm, whereby irradiation strength for X- 
rays can be more reliably secured. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the X-ray mirror may contain a single type of mirror 
material selected from a group consisting of beryllium, titanium, silver, 
15 ruthenium, rhodium and palladium, nitrides, carbides andborides of these, 
diamond, diamond-like carbon and boron nitride. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the X-ray mirror may comprise a substrate and a layer 
containing a mirror material formed on the substrate. 
20 In this case, the substrate can be previously worked into a shape 

required to the X-ray mirror, whereby an X-ray mirror of a complicated 
shape can be readily obtained. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the X-ray emitting step may include a step of converging X- 
25 rays with the X-ray mirror. 

In this case, a step of cutting short-wave X-rays and the step of 
converging X-rays can be simultaneously carried out with the X-ray mirror, 
whereby the structure of a synchrotron radiation apparatus performing the 
synchrotron radiation method according to the present invention can be 
30 simplified. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the X-ray emitting step may include a step of magnifying 
the area of a region capable of being simultaneously irradiated with X-rays 
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outgoing from the X-ray mirror with the X-ray mirror. 

In this case, the X-ray mirror has both a shorter wavelength cutting 
function and the function of magnifying the area of the region capable of 
being simultaneously irradiated with X-rays, whereby the structure of a 
5 synchrotron radiation apparatus performing the synchrotron radiation 
method according to the present invention can be simplified. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the X-ray emitting step may include a step of further 
converging X-rays with a converging mirror. 

10 Therefore, the X-ray mirror for cutting shorter wavelengths and the 

converging mirror are independently employed, whereby the synchrotron 
radiation method according to the present invention can be readily executed 
by inserting the X-ray mirror according to the present invention in a 
conventional synchrotron radiation apparatus. 

15 In the synchrotron radiation method according to the aforementioned 

further aspect, the X-ray emitting step may include a step of magnifying 
the area of a region capable of being simultaneously irradiated with X-rays 
outgoing from the X-ray mirror with a magnifying mirror. 

In this case, the X-ray mirror for cutting shorter wavelengths and the 

20 magnifying mirror are independently employed, whereby the synchrotron 
radiation method according to the present invention can be readily executed 
by inserting the X-ray mirror according to the present invention in a 
synchrotron radiation apparatus for carrying out the conventional 
synchrotron radiation method. 

25 In the synchrotron radiation method according to the aforementioned 

further aspect, it may employ an X-ray mirror whose surface upon which X- 
rays are incident is mechanically polished in the X-ray emitting step. 

In the synchrotron radiation method according to the aforementioned 
further aspect, it may employ an X-ray mirror whose surface upon which X- 

30 rays are incident is chemically polished in the X-ray emitting step. 

In the synchrotron radiation method according to the aforementioned 
further aspect, it may employ an X-ray mask, and this X-ray mask may 
include a membrane and an X-ray absorber formed on the membrane. The 
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membrane may contain a single species selected from a group consisting of 
diamond, diamond-like carbon, boron nitride and beryllium. 

At this point, the material employed in the membrane of the X-ray 
mask according to the present invention has no absorption edge in a 
5 wavelength region around 0.67 nm, dissimilarly to a silicon-based material 
having been employed for a conventional membrane. Therefore, when 
employing X-rays having wavelengths of not more than 0.7 nm which is a 
shorter wavelength region than general in an exposure step, these X-rays 
can be prevented from being absorbed in the membrane. Consequently, a 

10 sufficient quantity of exposure can be secured. Therefore, transmittance in 
the membrane for X-rays can be rendered higher than the case of employing 
a conventional X-ray mask, whereby a high throughput can be secured. 

In the synchrotron radiation method according to the aforementioned 
further aspect, it may employ an X-ray mask, and this X-ray mask may 

15 include a membrane and an X-ray absorber formed on the membrane. The 
membrane may contain a material having an absorption edge only in at 
least either one of a wavelength region of less than 0.45 nm and a 
wavelength exceeding 0.7 nm as to X-rays, and the X-ray absorber may 
contain a material having an absorption edge in a wavelength region of at 

20 least 0.6 nm and less than 0.85 nm. 

In this case, the material contained in the membrane has no 
absorption edge in a wavelength region of a least 0.45 nm and not more 
than 0.7 nm, whereby X-rays of a shorter wavelength region than general 
can be effectively utilized in an X-ray exposure step when applying the 

25 synchrotron radiation method according to the present invention to the X- 
ray exposure step. 

While the absorbance for X-rays exhibits a peak value at the 
absorption edge wavelength of the material, the absorbance for X-rays 
reaches a sufficiently large value also in a wavelength region of 0.15 nm 

30 around this absorption edge wavelength. Therefore, when the X-ray 

absorber contains a material having an absorption edge in the wavelength 
region of at least 0.6 nm and less than 0.85 nm, X-rays employed for 
exposure can be reliably screened with this X-ray absorber in the 
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wavelength region (at least 0.45 nm and not more than 0.7 nm) of the X- 
rays employed for exposure. Further, the material having an absorption 
edge in such a wavelength region is employed as the X-ray absorber, 
whereby the thickness of the X-ray absorber can be rendered smaller than 
5 general. Consequently, the aspect ratio of a transfer circuit pattern 
formed by the X-ray absorber can be reduced. When applying the 
synchrotron radiation method according to the present invention to an X- 
ray exposure method, therefore, a fine circuit pattern can be reliably 
transferred with X-rays of a shorter wavelength region than a conventional 

10 X-ray exposure step. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the X-ray absorber may contain a single species selected 
from a group consisting of tungsten, tantalum and rhenium. 

In the synchrotron radiation method according to the aforementioned 

15 further aspect, the X-ray absorber may include stacked first layer and 
second layer. 

In this case, a plurality of layers are formed in the X-ray absorber, 
whereby the degree of freedom of the material employed as the X-ray 
absorber can be further enlarged. When forming the X-ray absorber by 
20 combining materials whose absorption peak wavelengths for X-rays are 
different, X-rays can be reliably screened with an X-ray absorber of a 
smaller thickness than the case of forming the X-ray absorber with a single 
material. 

In the synchrotron radiation method according to the aforementioned 
25 further aspect, a first material contained in the first layer may have a 

larger atomic weight than the atomic weight of a second material contained 
in the second layer. 

Further, a heavy element such as molybdenum or rhodium whose 
atomic weight is relatively large may be employed as the first material, and 
30 it is preferable to employ a light element such as carbon or beryllium whose 
atomic weight is relatively small as the second material. Thus, the 
thickness of the X-ray absorber can be more reduced by employing 
materials whose absorption peak wavelengths for X-rays are different. 
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In the synchrotron radiation method according to the aforementioned 
further aspect, it may employ a plurality of X-ray mirrors in the X-ray 
emitting step. 

In this case, the degree of freedom at the time of designing the X-ray 
5 oblique-incidence angles or the outgoing optical axis in the X-ray mirrors 
can be enlarged by employing a plurality of X-ray mirrors. 

Further, X-rays of a shorter wavelength region can be more reliably 
cut by employing a plurality of X-ray mirrors. 

In the synchrotron radiation method according to the aforementioned 
10 further aspect, it may employ at least two and not more than four X-ray 
mirrors in the X-ray emitting step. 

In the case of employing two X-ray mirrors in this case, for example, 
the oblique-incidence angles of X-rays with respect to the X-ray mirrors can 
be arbitrarily set in a state keeping the outgoing direction of the X-rays 
15 from the X-ray mirrors constant by controlling the positions of the X-ray 
mirrors and the oblique-incidence angles of the X-rays with respect to the 
X-ray mirrors. Consequently, the peak wavelength of the X-rays can be 
arbitrarily changed. 

When employing the X-ray by three or four, the oblique-incidence 
20 angles of the X-rays with respect to the X-ray mirrors can be controlled 
without changing the optical axes of the X-rays. Therefore, it becomes 
possible to readily carry out the synchrotron radiation method according to 
the present invention by inserting the X-ray mirrors according to the 
present invention in a synchrotron radiation apparatus in which the 
25 conventional synchrotron radiation method has been performed. 

When increasing the number of the X-ray mirrors to three or four, 
the width of a wavelength region capable of controlling the peak 
wavelength of X-ray can be more spread. 

In the synchrotron radiation method according to the aforementioned 
30 further aspect, the outgoing direction of X-rays outgoing from the X-ray 
mirror finally reached by X-rays among the plurality of X-ray mirrors may 
be substantially identical to the incidence direction of X-rays incident upon 
the X-ray mirror initially reached by X-rays among the plurality of X-ray 
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mirrors in the X-ray emitting step. 

In this case, X-rays having an arbitrary peak wavelength can be 
obtained in a state rendering the outgoing direction of the X-rays 
substantially identical to the incidence direction by controlling the positions 
5 of the X-ray mirrors and the angles with respect to the X-rays. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the X-ray emitting step may include a step of controlling the 
position of the X-ray mirror and a step of controlling the angle of a surface 
of the X-ray mirror upon which X-rays are incident and the incidence 
10 direction of the X-rays. 

In this case, X-rays having an arbitrary peak wavelength can be 
more reliably obtained in a state keeping the outgoing direction and the 
incidence direction of the X-rays substantially identical. 

Further, the peak wavelength of the X-rays can be controlled by 
15 controlling the angle (obHque-incidence angle) of the surface of the X-ray 
mirror upon which X-rays are incident and the incidence direction of the X- 
rays. 

In the synchrotron radiation method according to the aforementioned 
further aspect, the outgoing optical axis of X-rays outgoing from the X-ray 

20 mirror finally reached by the X-rays among the plurality of X-ray mirrors 
may be substantially identical to the incidence optical axis of X-rays 
incident upon the X-ray mirror initially reached by the X-rays among the 
plurality of X-ray mirrors. 

In this case, X-rays having an arbitrary peak wavelength can be 

25 obtained when controlling the obHque-incidence angles of the X-rays with 
respect to the X-ray mirrors in a state rendering the outgoing optical axis 
and the incidence optical axis of the X-rays substantially identical. 

In the synchrotron radiation method according to the aforementioned 
further aspect, it may include a step of controlling the position of the X-ray 

30 mirror in a state keeping the outgoing optical axis substantially identical 
and a step of controlling the angle of the surface of the X-ray mirror 
incident upon X-rays and the incidence direction of the X-rays in the X-ray 
emitting step. 
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In this case, X-rays having an arbitrary peak wavelength can be 
readily obtained in a state keeping the outgoing optical axis substantially 
identical. 

In the synchrotron radiation method according to the aforementioned 
5 further aspect, the X-ray emitting step may further comprise a step of 
changing the peak wavelength of X-rays outgoing from the X-ray mirror. 

In this case, the peak wavelength of the X-rays can be controlled to 
be suitable to an X-ray mask employed in the synchrotron radiation method, 
resolution required to a transfer circuit pattern, the characteristics of resist 
10 applied onto a semiconductor substrate and the like. Consequently, a 
circuit pattern of higher resolution can be reliably transferred when 
applying X-rays obtained by the synchrotron radiation method according to 
the present invention to an X-ray exposure step. 

The foregoing and other objects, features, aspects and advantages of 
15 the present invention will become more apparent from the following 

detailed description of the present invention when taken in conjunction 

with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a model diagram showing an embodiment 1 of an X-ray 
20 exposure apparatus according to the present invention. 

Fig. 2 is a graph showing the relations between wavelengths of X- 
rays and reflectance for X-rays as to materials for X-ray mirrors in 
embodiments 1 to 4 of the present invention. 

Fig. 3 is a graph showing the relations between wavelengths of X- 
25 rays and reflectance for X-rays as to materials for an X-ray mirror in an 
embodiment 5 of the present invention. 

Fig. 4 is a graph showing the relations between wavelengths of X- 
rays and reflectance for X-rays as to materials for an X-ray mirror in an 
embodiment 6 of the present invention. 
30 Fig. 5 is a graph showing the relations between wavelengths of X- 

rays and transmittance for X-rays as to membrane materials for an X-ray 
mask in an embodiment 7 of the present invention. 

Fig. 6 is a graph showing the relations between wavelengths of X- 
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rays and relative intensity obtained in an embodiment 8 of the present 
invention. 

Fig. 7 is a graph showing the relations between wavelengths of X- 
rays and relative intensity obtained in an embodiment 9 of the present 
5 invention. 

Fig. 8 is a model diagram showing a control method in a system 
employing two X-ray mirrors according to the present invention in an 
embodiment 10 of the present invention. 

Fig. 9 is a model diagram showing a control method in a system 
10 employing three X-ray mirrors according to the present invention in an 
embodiment 11 of the present invention. 

Fig. 10 is a graph showing the relations between wavelengths of X- 
rays and relative intensity obtained by the system shown in Fig. 9. 

Fig. 1 1 is a model diagram showing a control method in a system 
15 employing four X-ray mirrors according to the present invention in an 
embodiment 12 of the present invention. 

Fig. 12 is a model diagram showing a control method in a system 
employing four X-ray mirrors according to the present invention in an 
embodiment 13 of the present invention. 
20 Fig. 13 is a graph showing the relations between wavelengths of X- 

rays and relative intensity obtained in the system shown in Fig. 12. 

Fig. 14 is a sectional model diagram showing an X-ray mask 
according to an embodiment 14 of the present invention. 

Fig. 15 is a graph showing the relations between wavelengths of X- 
25 rays and transmittance for X-rays as to materials employed as X-ray 
absorbers of X-ray masks. 

Fig. 16 is a schematic diagram of an X-ray exposure system according 
to the present invention. 

Fig. 17 is a partially enlarged sectional view showing an X-ray mask 
30 and a semiconductor wafer in Fig. 16. 

Fig. 18 is a graph showing the relations between wavelengths of X- 
rays and relative intensity obtained in synchrotron radiation apparatuses 
and X-ray exposure systems comprising mirrors consisting of beryllium and 
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mirrors consisting of rhodium . 

Fig. 19 is a graph showing the relations between wavelengths of X- 
rays and relative intensity obtained in synchrotron radiation apparatuses 
and X-ray exposure systems comprising mirrors consisting of beryllium and 
5 mirrors consisting of platinum. 

Fig. 20 is a graph showing the relations between wavelengths of X- 
rays transmitted through X-ray masks and relative intensity. 

Fig. 21 is a graph showing the relations between thicknesses of X-ray 
absorbers and contrasts as to X-ray masks according to the present 
10 invention. 

Fig. 22 is a graph showing the relations between thicknesses of X-ray 
absorbers and contrasts as to X-ray masks according to the present 
invention. 

Fig. 23 is a graph showing the relations between thicknesses of X-ray 
15 absorbers and contrasts as to X-ray masks according to the present 
invention. 

Fig. 24 is a schematic diagram of a conventional X-ray exposure 
apparatus. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
20 Embodiments of the present invention are now described on the basis 

of drawings. 

(Embodiment 1) 

The present invention is basically structured by an apparatus for and 
a method of taking out X-rays of a shorter wavelength region than general 

25 optimum for X-ray exposure from a synchrotron radiation source and an X- 
ray mask for utilizing the taken-out X-rays as exposure light. Fig. 1 is a 
model diagram showing an embodiment 1 of an X-ray exposure apparatus 
according to the present invention. Referring to Fig. 1, the X-ray exposure 
apparatus comprises a synchrotron radiation source 1, an X-ray mirror 3, a 

30 heat removal filter 4, a beryllium window 5 and an X-ray mask 6. At this 
point, the heat removal filter 4 consists of beryllium, and has a function of 
cutting X-rays of a longer wavelength region. The beryllium window 5 
serves as a partition between a vacuum region and the atmosphere. A 
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transfer circuit pattern to be transferred to a semiconductor wafer 9 is 
formed on the X-ray mask 6 by an X-ray absorber. 

Radiation 2 outgoing from the synchrotron radiation source 1 is first 
incident upon the X-ray mirror 3. The current angle formed by the optical 
5 axis of the radiation 2 and a surface of the X-ray mirror reflecting X-rays is 
regarded as an oblique -incidence angle 7. The angle for converging the 
radiation 2 in the X-ray mirror 3 is shown as a converging angle 8. The 
radiation 2 reflected on the X-ray mirror 3 reaches the semiconductor wafer 
9 through the heat removal filter 4, the beryllium window 5 and the X-ray 

10 mask 6. A semiconductor device can be manufactured with an X-ray 
exposure method utilizing such reflected light 2. 

The X-ray mirror 3 may also have a function as a converging mirror 
converging the radiation 2 and a function as a magnifying mirror 
magnifying the area (irradiated area) of a region which can be 

15 simultaneously irradiated with the radiation 2 outgoing from the X-ray 

mirror 3. Further, the X-ray exposure apparatus according to the present 
invention may comprises a converging mirror and a magnifying mirror 
independently of the X-ray mirror 3. 

At this point, that having a silicon wafer as a substrate and forming 

20 a diamond layer of 50 \xm in thickness on this substrate surface with 
plasma CVD was employed as the X-ray mirror 3 in the X-ray exposure 
apparatus according to the present invention. The surface of this diamond 
layer is mechanically polished, so that surface roughness is 0.4 nm (rms). 
The surface of the diamond layer may be chemically polished. 

25 With respect to the X-ray mirror 3 having such a structure, the 

radiation 2 was introduced under a condition of an oblique angle of 1°, for 
evaluating the X-ray reflection characteristic (characteristic cutting X-rays 
of a shorter wavelength region) of the X-ray mirror 3. Fig. 2 shows the 
result. Fig. 2 is a graph showing the relations between wavelengths of X- 

30 rays and reflectance for X-rays as to materials for the X-ray mirror. 

At this point, the inventors have found that X-rays of a shorter 
wavelength region than general can be employed in an X-ray exposure step. 
In order to implement an X-ray exposure apparatus employing X-rays of 
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such a shorter wavelength region, they have made various studies. As one 
of these studies, they have made a study as to material for an X-ray mirror 
for cutting shorter wavelengths employed for a beam line for taking out X- 
rays from a synchrotron radiation source in order to take out X-rays 
5 optimum for exposure employing X-rays of a shorter wavelength region. 

The inventors have first studied reflection characteristics for X-rays 
on surfaces of various types of materials. Consequently, they have 
confirmed that it is to some extent possible to move the wavelength region 
of cut X-rays to a shorter wavelength region than general also in a mirror 

10 employing a heavy element such as gold or platinum studied as an X-ray 
mirror in general by reducing the oblique-incidence angle. When 
employing general gold or platinum, however, X-rays of a wavelength 
region of 0.3 to 0.5 nm could not be completely cut but X-rays of this 
wavelength region of 0.3 to 0.5 nm mixed into X-rays outgoing from the X- 

15 ray mirror in a considerable ratio. X-rays of such a wavelength region mix 
into X-rays employed for exposure to generate more photoelectrons than 
general when the X-rays are incident upon resist applied onto a 
semiconductor wafer, thereby exerting bad influence on the accuracy of a 
formed pattern. 

20 In order to solve such a problem, therefore, the inventors have 

devised employment of a material containing a light element such as 
diamond or boron nitride having high density and also a small atomic 
weight as the material for the reflecting surface of the X-ray mirror. 

It has proved that, when employing diamond or boron nitride as an 

25 X-ray mirror, it reflects X-rays up to a shorter wavelength region of about 
0.6 nm with high reflectance also when enlarging the oblique -incidence 
angle to 1°. In a shorter wavelength region of not more than 0.6 nm, 
reflectance for X-rays abruptly lowers in an X-ray mirror employing these 
materials. Therefore, mixture of X-rays in such a shorter wavelength 

30 region can be more reduced than the case of employing general gold or 
platinum. 

Referring to Fig. 2, high reflectance of a substantially identical 
degree is obtained whichever one of diamond and boron nitride the X-ray 
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mirror employs. 

In the X-ray mirror employing diamond or boron nitride, it was 
possible to move a wavelength region cut in the X-ray mirror to a shorter 
wavelength side by setting the oblique incidence angle to a smaller angle of 
5 not more than 1°. 

After reflectance for X-rays once lowers in the wavelength region of 
about 0.6 nm in the material consisting of these light elements, the 
reflectance remains in the lowering state and hardly fluctuates in a shorter 
wavelength region of less than 0.45 nm. Since there is no fluctuation of 

10 the reflectance in this manner, X-rays belonging to the shorter wavelength 
region of less than 0.45 nm can be removed from radiation more effectively 
than general. That is, when utilizing these materials, it becomes possible 
to form an X-ray mirror for cutting shorter wavelengths absorbing X-rays 
whose wavelengths are only less than 0.45 nm. 

15 The material consisting of the aforementioned light element has no 

absorption edge in the wavelength region of at least 0.45 nm and not more 
than 0.7 nm. Therefore, the aforementioned material has no absorption 
peak in the aforementioned wavelength region. When applying these 
materials to an X-ray mirror, therefore, X-rays of the wavelength region of 

20 at least 0.45 nm and not more than 0.7 nm can be more reliably reflected 
than a conventional X-ray mirror. Consequently, sufficient irradiation 
strength for X-rays can be secured, whereby a high throughput can be 
attained. 

When applying the aforementioned material to an X-ray mirror, 
25 further, X-rays of a shorter wavelength region than the wavelength of about 
0.75 nm having been employed in general. Consequently, X-rays of a 
shorter wavelength region than general can be utilized. Therefore, it 
becomes possible to transfer a circuit pattern of higher resolution than 
general. Consequently, a semiconductor device more highly integrated 
30 than general can be obtained when employing the X-ray exposure 
apparatus according to the present invention. 

Further, high reflectance can be attained to about 90 % by employing 
a smooth surface obtained by polishing the material such as diamond or 
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boron nitride as the reflecting surface for X-rays. 

At this point, a shape such as a plane mirror, a spherical mirror or an 
aspherical mirror is proposed as to the conventional X-ray mirror. A 
cylindrical type or a toroidal type is proposed as the spherical mirror. 
5 Further, an ellipsoidal type, a paraboloid type or the like is proposed as the 
aspherical mirror. All of these have been devised for an object of 
increasing converging efficiency. Further, an aspherical mirror surface 
indescribable in a numerical formula has also been recently studied due to 
progress of working technique and evaluation technique as well as design 
10 technique. 

As the substrate for the X-ray mirror, employment of not only glass 
but also a material, having been regarded as unsuitable for working in 
general since it is fragile although it has high hardness, has also been 
studied. This is because it has become possible to form a free-form surface 

15 with such a material of high hardness due to progress of working technique. 

Therefore, the inventors have tried to work X-ray mirrors also with 
materials such as silicon carbide, graphite, boron nitride and the like in 
addition to a silicon oxide-based material such as fused quartz having been 
studied as the material for an X-ray mirror in general. Also with X-ray 

20 mirrors prepared from these silicon carbide, graphite and boron nitride, 
they could cut X-rays of a shorter wavelength region below the region 
around 0.6 nm by controlling oblique-incidence angles. In the X-ray 
mirrors employing silicon carbide and graphite, however, it was necessary 
to remarkably reduce the oblique-incidence angles. They have also studied 

25 employment of a surface formed with a diamond thin film as a reflecting 
surface of an X-ray mirror. 

At this point, development of formation technique employing CVD 
rapidly progresses in recent years as to formation technique of silicon 
carbide or a diamond material. Therefore, it has been becoming possible to 

30 obtain a sample consisting of silicon carbide or a diamond material larger 
than general. Therefore, it has become possible to study this material such 
as silicon carbide as the material for an X-ray mirror. 

When an X-ray mirror can be formed with a bulk material consisting 
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of a diamond material, it is conceivable that an X-ray mirror having 
excellent characteristics can be obtained considering from its heat 
conduction characteristic or the like. However, it is industrially still 
difficult to form a bulky large-sized mirror with these materials. Therefore, 
5 the inventors have prepared miniature plane mirrors with these materials 
and verified the characteristics thereof. The characteristics have been 
excellent as expected. 

When studying X-ray mirrors employing the aforementioned silicon 
carbide and diamond material, the inventors have formed these materials 

10 as thin films through CVD due to easiness of preparation steps and the like. 
They have mainly studied employment of the surface of this thin film as the 
reflecting surface of the X-ray mirror. That is, they form a diamond thin 
film on the surface of a substrate already worked into a prescribed shape 
with CVD. Then, they have performed mechanical or chemical working 

15 and completed the X-ray mirror. 

At this point, they have made studies as to a carbon-based material 
such as graphite relatively easy to work, a crystal- or glass-based material 
mainly composed of a silicon oxide, a silicon carbide-based material selected 
in view of heat conductivity and resistance against irradiation damage 

20 although working becomes difficult, and a material such as boron nitride 
relatively fragile although the same is high in hardness and excellent in 
heat resistance as the substrate for the X-ray mirror. They have formed 
diamond thin films on surfaces of these materials with CVD. 

More specifically, the inventors have formed the diamond thin films 

25 with CVD in a state of heating substrates of graphite, a silicon oxide, silicon 
carbide, boron nitride and the like to at least about 700°C. Consequently, 
it has been possible to form the diamond thin films on the surfaces of all 
materials of graphite, a silicon oxide, silicon carbide and boron nitride. 

The inventors have studied process conditions for CVD and substrate 

30 treatment conditions of increasing nucleation density of diamond formation 
on substrate surfaces as to formation conditions for the diamond thin films, 
in order to improve smoothness of the surfaces of the formed diamond thin 
films. When employing a diamond thin film formed by CVD as an X-ray 
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mirror as such, however, it has been difficult to obtain characteristics of a 
sufficiently satisfiable degree. 

Therefore, the inventors have tried, a method of forming a diamond 
thin film on a substrate material and thereafter performing working such 
5 as pohshing as to the surface of the diamond thin film. As the working 
method, they have mainly studied pohshing by mechanical working. 
Aiming at reduction of the working time or the like, further, they have 
made a search for working conditions also as to chemical pohshing. 
Whichever method of mechanical working and chemical working has been 
10 employed, however, it has been difficult to work the surface of the diamond 
thin film. 

When employing graphite as an X-ray mirror, on the other hand, it 
has been necessary to extremely reduce the oblique-incidence angle. 
Therefore, they have studied employment of a material referred to as 

15 diamond-like carbon (DLC) for the reflecting surface of the X-ray mirror for 
X-rays. When employing diamond-like carbon, it has been possible to 
attain a reflection characteristic for X-rays close to a diamond thin film. 
With diamond-like carbon, further, it has been possible to form a thin film 
in wider conditions which have been process conditions similar to 

20 manufacturing process conditions for a diamond thin film. 

At this point, they have also prepared an X-ray mirror forming a thin 
film of boron nitride on a silicon substrate by CVD. Also as to the X-ray 
mirror having this thin film of boron nitride, they have evaluated the 
reflection characteristic under a condition of an oblique-incidence angle of 

25 1°. Fig. 2 shows the result too. 

Referring to Fig. 2, the reflectance for X-rays belonging to a shorter 
wavelength region of not more than 0.6 nm abruptly lowers from around 
the wavelength of about 0.6 nm of X-rays in the X-ray mirror having a 
diamond thin film. Therefore, it is understood that X-rays of shorter 

30 wavelengths can be obtained than a conventional X-ray exposure apparatus 
having employed X-rays of a wavelength region of at least 0.7 nm when 
employing this X-ray mirror. 

Also as to the X-ray mirror employing boron nitride, X-rays having 
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wavelengths of at least 0.6 nm can be similarly obtained although the 
position of a wavelength where the reflectance improves is slightly on a 
longer wavelength side than the X-ray mirror employing diamond. 
(Embodiment 2) 

5 Similarly to the embodiment 1 of the present invention, an X-ray 

mirror was prepared by forming a thin film of diamond-like carbon on a 
silicon substrate by vapor-phase synthesis. The reflection characteristic of 
this X-ray mirror employing diamond-like carbon was evaluated similarly 
to the embodiment 1 of the present invention. Fig. 2 shows the result. 

10 Referring to Fig. 2, the reflection characteristic of the X-ray mirror 

employing diamond-like carbon is basically similar to the reflection 
characteristic of the X-ray mirror employing diamond. However, the mean 
density of diamond-like carbon is 3.32, and slightly lower than 3.52 which is 
the mean density of diamond. In the measurement result in this 

15 embodiment 2 setting the obUque-incidence angle of X-rays with respect to 
the X-ray mirror to 1° as to all X-ray mirrors, therefore, the rising 
wavelength of the reflectance of the X-ray mirror employing diamond-like 
carbon shifts to a longer wavelength side than the case of the X-ray mirror 
employing diamond. 

20 When employing a material having an absorption edge only in at 

least either one of a wavelength region of less than 0.45 nm and a 
wavelength region exceeding 0.7 nm as to X-rays as the aforementioned 
diamond or diamond-like carbon as the material for the X-ray mirror, 
occurrence of such a problem that irradiation strength for X-rays lowers or 

25 changes in a wavelength region of not more than 0.7 nm can be prevented. 
Consequently, X-rays of a shorter wavelength region than the wavelength 
of about 0.75 nm having been employed in general can be utilized. 
Therefore, it becomes possible to transfer a circuit pattern of higher 
resolution than general. 

30 Fig. 2 also shows reflection characteristic data as to an X-ray mirror 

employing silicon carbide as comparative example. As understood also 
from Fig. 2, an absorption edge is present in the wavelength region around 
0.6 nm in the X-ray mirror employing silicon carbide, and hence the 
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reflectance once lowers in this wavelength region. Consequently, it is 
understood that irradiation strength for X-rays lowers in the wavelength 
region of not more than 0.7 nm in the X-ray mirror employing silicon 
carbide as compared with the X-ray mirror according to the present 
5 invention. 

Referring to Fig. 2, it is understood that diamond or the like which is 
the material for the X-ray mirror according to the present invention absorbs 
X-rays in a wavelength region of less than 0.3 nm by a least 90 %. 

When employing the X-ray mirror according to the present invention, 
10 therefore, short-wave X-rays having wavelengths of less than 0.3 nm can be 
reliably prevented from mixing into exposure light. Consequently, 
generation of photoelectrons in resist can be effectively prevented in 
exposure with these short-wave X-rays. Therefore, deterioration of 
resolution resulting from photoelectrons can be prevented. 
15 (Embodiment 3) 

An X-ray mirror was prepared by employing germanium as a 
substrate and forming a thin film of metal titanium on the surface of this 
substrate by sputtering. The thickness of this thin film of metal titanium 
is about 0.5 ^m. As to this X-ray mirror employing metal titanium, the 
20 reflection characteristic was evaluated similarly to the embodiment 1 of the 
present invention. Fig. 2 shows the result. 

Referring to Fig. 2, this X-ray mirror employing the thin film of metal 
titanium basically exhibits a reflection characteristic similar to the X-ray 
mirror employing a diamond thin film in the embodiment 1 of the present 
25 invention when setting the oblique-incidence angle of X-rays with respect to 
the X-ray mirror to 1°. However, the X-ray mirror employing the thin film 
of metal titanium is lower in reflectance for X-rays in a longer wavelength 
region than the X-ray mirror employing the diamond thin film. 
(Embodiment 4) 

30 An X-ray mirror was prepared by employing a metal, an alloy or 

ceramic as a substrate and forming a thin film of titanium nitride on this 
substrate by ion plating. At this point, silicon carbide was employed as a 
substrate for evaluating the reflection characteristic similarly to the 
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embodiment 1 of the present invention as to an X-ray mirror forming a thin 
film of titanium nitride on this substrate consisting of silicon carbide. 

Further, an X-ray mirror was formed by mechanically working 
beryllium. Fig. 2 shows evaluation results of the reflection characteristics 
5 of the X-ray mirror employing titanium nitride and the X-ray mirror 
employing beryllium. 

Referring to Fig. 2, the X-ray mirror employing titanium nitride had 
a rising wavelength of reflectance shifting to a shorter wavelength side 
than the X-ray mirror employing titanium and exhibited higher reflectance 

10 than the X-ray mirror employing titanium in the case of setting the oblique- 
incidence angle to 1°. 

Further, the X-ray mirror employing beryllium exhibited high 
reflectance with respect to X-rays having wavelengths of at least 0.8 nm. 
As shown in Fig. 2, beryllium lowers in reflectance, and thereafter the 

15 reflectance is stable in a shorter wavelength region, similarly to the 

remaining materials. Therefore, X-rays of the shorter wavelength region 
can be effectively removed similarly to the remaining materials by 
employing beryllium as the material for the X-ray mirror. Considering 
from the high reflectance in a wavelength region of at least 0.8 nm, it can be 

20 said that the same has excellent characteristics as the material for an X-ray 
mirror. 

In order to implement cut wavelengths similar to the X-ray mirrors 
employing a diamond thin film and boron nitride, however, it is necessary 
to render the oblique-incidence angle smaller than 1°. Therefore, it cannot 

25 be employed at a large oblique-incidence angle and hence it can be said that 
the same is inferior to the X-ray mirror employing a diamond thin film as 
the total characteristics in the case of considering a function as a 
converging mirror converging X-rays. In order to implement a high 
throughput in the case of employing the X-ray mirror employing beryllium 

30 in an X-ray exposure apparatus, it is conceivable that a countermeasure of 
increasing the number of this X-ray mirror or the like becomes necessary. 

Thus, X-rays having a peak wavelength in a region of shorter 
wavelengths than 0.7 nm having been regarded as the optimum exposure 
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wavelength in general by employing a surface of diamond, diamond-like 
carbon or boron nitride as an X-ray mirror for cutting shorter wavelengths 
and adjusting the incidence angle of X-rays upon this X-ray mirror. 
Consequently, X-rays usable for a proximity exposure step employing X- 
5 rays of shorter wavelengths than general can be taken out. 

Therefore, X-rays of shorter wavelengths than general can be utilized 
for the exposure step, whereby a circuit pattern having higher resolution 
than general can be transferred. Further, irradiation strength for the X- 
rays can also be enlarged, whereby a high throughput can be implemented. 
10 A mirror material such as diamond is formed on a substrate material, 

whereby the substrate material can be previously worked to be a shape 
such as a spherical surface necessary as the X-ray mirror. Consequently, a 
large-sized X-ray mirror having a complicated shape can be readily 
obtained. 

15 In the X-ray exposure apparatus according to the present invention, 

it becomes possible to employ X-rays having wavelengths in the range of 
about 0.3 to 1.5 nm as exposure light by employing the aforementioned X- 
ray mirror. 

(Embodiment 5) 

20 Silicon carbide or silicon oxide was employed as a substrate for an X- 

ray mirror, and the surface of this substrate was polished. Thereafter a 
thin film of ruthenium was formed on this polished surface by electron 
beam evaporation, thereby preparing an X-ray mirror. Another X-ray 
mirror was prepared by forming a thin film of rhodium on a polished 

25 surface of a substrate by electron beam evaporation. As to these X-ray 
mirrors employing ruthenium and rhodium, reflection characteristics as to 
X-rays were evaluated similarly to the embodiment 1 of the present 
invention. In this embodiment 5, oblique -incidence angles were varied for 
making evaluation also as to the relations between these oblique-incidence 

30 angles and the reflection characteristics. . Fig. 3 shows the results. Fig. 3 
is a graph showing the relations between wavelengths of X-rays and 
reflectance for X-rays as to the X-ray mirrors. Fig. 3 simultaneously shows 
a measurement result of a reflection characteristics as to an X-ray mirror 
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employing platinum as comparative example. 

At this point, a K absorption edge is present at 0.056051 nm in a 
shorter wavelength region, L absorption edges are present at 0.4180 nm 
and 0.4369 nm and an M absorption edge is present at 4.43 nm in 
5 ruthenium. In rhodium, a K absorption edge is present at 0.053392 nm, L 
absorption edges are present at 0.3629 nm, 0.3925 nm and 0.41299 nm and 
an M absorption edge is present at 4.04 nm. 

Referring to Fig. 3, regions where reflectance for X-rays fluctuates 
are present in regions where the wavelengths of X-rays are around 0.4 nm 

10 in both data of the X-ray mirror employing ruthenium and the X-ray mirror 
employing rhodium due to influence by such L absorption edges. In 
reflected light from the X-ray mirrors in a wavelength region of at least 0.45 
nm, however, influence of these absorption edges is small and X-rays of 
excellent characteristics can be obtained. That is, the X-ray mirror 

15 according to the present invention, hardly absorbing X-rays of the 
wavelength region of at least 0.45 nm, can be readily formed when 
employing ruthenium or rhodium which is a material having an absorption 
edge only in at least either one of wavelength regions of less than 0.45 nm 
and exceeding 0.7 nm (material having no absorption edge in the 

20 wavelength region of at least 0.45 nm and not more than 0.7 nm) as the 
material for the X-ray mirror. The X-ray mirror according to the present 
invention can more reliably reflect X-rays of the wavelength region of at 
least 0.45 nm than the conventional X-ray mirror, whereby sufficient 
irradiation strength for X-rays can be secured. 

25 When reducing the oblique-incidence angle of X-rays with respect to 

the X-ray mirror from 1.5° to 1.0°, the peak wavelength of the obtained X- 
rays can be moved to a shorter wavelength side. When employing such an 
X-ray mirror, X-rays having a peak wavelength at the level of 0.4 nm can be 
readily obtained. 

30 Referring to Fig. 3 at this point, platinum shown as comparative 

example has a K absorption edge and an L absorption edge located in a 
shorter wavelength region of not more than about 0.1 nm, similarly to gold 
or the like. In this platinum, however, an M absorption edge is further 
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present in a wavelength region at the level of 0.5 nm. 

Therefore, the graph showing the reflection characteristic of the X- 
ray mirror employing platinum lowers in reflectance in the wavelength 
region at the level of 0.5 nm. Further, reflectance in a wavelength region 
5 of 0.4 to 0.7 nm has become that by far smaller than the X-ray mirror 

according to the present invention employing ruthenium or the like. In the 
X-ray mirror employing platinum, further, reflectance in this wavelength 
region has some peaks, and it cannot be said much that the same has 
excellent characteristics as exposure light employed in an exposure step. 
10 In addition, it is understood that the total luminous energy of X-rays also 
becomes smaller than the case of employing the X-ray mirror according to 
the present invention. 
(Embodiment 6) 

Silicon carbide is employed as a substrate for an X-ray mirror, and a 

15 surface of this silicon carbide becoming a reflecting surface is polished. An 
X-ray mirror was prepared by forming a thin film of silver on the polished 
surface of this substrate by electron beam evaporation. Another X-ray 
mirror was prepared by employing a similar substrate and forming a thin 
film of palladium on a polished surface by electron beam evaporation. As 

20 to these X-ray mirrors, reflection characteristics in the case of setting 

oblique-incidence angles to 1° were evaluated similarly to the embodiment 1 
of the present invention. Fig. 4 shows the results. Fig. 4 is a graph 
showing the relations between wavelengths of X-rays and reflectance for X- 
rays as to the X-ray mirrors. 

25 Referring to Fig. 4, the X-ray mirrors employing silver and palladium 

which are X-ray mirrors according to the present invention exhibit rises of 
reflectance in a wavelength region of around about 0.4 nm. As to X-rays of 
a wavelength region of 0.45 to 0.7 nm, the X-ray mirrors have stable 
reflectance. When employing the X-ray mirrors according to the present 

30 invention employing silver and palladium, therefore, X-rays having a peak 
wavelength in a shorter wavelength region than general and suitable for an 
X-ray exposure step can be readily obtained similarly to the embodiments 1 
to 5 of the present invention. 
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As understood also by comparison with the reflection characteristic of 
an X-ray mirror employing platinum shown for comparison, it is understood 
that the X-ray mirrors according to the present invention rather exhibit 
higher reflectance with respect to X-rays of the wavelength region of 0.45 to 
5 0.7 nm than the conventional X-ray mirror employing platinum. 

While silicon carbide was employed as the substrate material at this 
point, a similar effect can be attained also when employing silicon oxide as 
the substrate material. 

(Embodiment 7) 

10 When forming a fine pattern with X-rays of shorter wavelengths than 

general as in the present invention, transmission ability for X-rays in a 
substrate material for an X-ray mask is also one of important 
characteristics. More specifically, it comes into question that the 
transmission ability for X-rays has dependency on the wavelengths of the X- 

15 rays in the substrate material for the X-ray mask. 

That is, a material such as silicon nitride or silicon carbide 
containing silicon having been studied as a substrate for an X-ray mask in 
general has an extremely high degree of completion directed to practical use 
inclusive of a defect level in a thin film and the like, and is a preferable 

20 material in this point. However, an absorption edge as to X-rays is present 
in a wavelength region around 0.7 nm in silicon, and hence abrupt change 
of transmittance occurs with respect to X-rays around this wavelength 
region. Consequently, it could not be said that the conventional material 
containing silicon is suitable to be employed as a substrate for an X-ray 

25 mask when employing X-rays of a shorter wavelength region to be used in 
the present invention as exposure light. 

Therefore, the inventors have studied employment of a thin film 
containing no silicon as a substrate for an X-ray mask. More specifically, 
they have studied employment of thin films structured by a material having 

30 carbon as a main material and light elements such as boron nitride and 
beryllium. Every one of the aforementioned materials exhibits excellent 
transmission ability with respect to X-rays with no absorption edge present 
at a wavelength of not more than 1.5 nm. In particular, diamond, 
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exhibiting a value of at least twice that of silicon carbide also as to the 
Young's modulus, is extremely excellent in characteristics as a substrate for 
an X-ray mask. 

A beryllium thin film has no transmission property as to light for 
5 alignment although transmission ability for X-rays is extremely excellent, 
and a thermal expansion coefficient was also large. Therefore, the 
beryllium thin film has been hardly studied as a substrate for an X-ray 
mask in proximity exposure technique employing X-rays. 

However, it has been recognized that temperature rise of an X-ray 

10 mask in an exposure step is extremely small under conditions of employing 
exposure environment such as a decompressed helium atmosphere having 
excellent dissipation for which development is progressed at present and 
employing a large area batch exposure system such as flash exposure. 
Particularly when employing a diamond window or a beryllium window for 

15 heat absorption, temperature rise of the X-ray mask was substantially at 
an ignorable degree. Consequently, it has been recognized that such a 
problem that the thermal expansion coefficient of the beryllium thin film is 
large is not a large obstacle. 

When employing an alignment method other than a system such as 

20 that detecting a mark formed on a semiconductor wafer through an X-ray 
mask, such as a global alignment system, for example, as an alignment 
system for the X-ray mask, it counts for nothing that the transmission 
property for light in the beryllium thin film is inferior. At this point, the 
positions of the X-ray mask and a holder for the X-ray mask are first 

25 previously adjusted in the global alignment system, for example. Then, 
the positions of the holder and a semiconductor wafer are controlled. A 
method of performing alignment of the X-ray mask and the semiconductor 
wafer by accurately controlling movement of the holder without performing 
alignment of the X-ray mask every exposure shot or the like corresponds 

30 thereto. 

Boron nitride is superior to the berylhum thin film as the substrate 
for the X-ray mask, considering from hardness and the value of the thermal 
expansion coefficient. However, it has been difficult to form a film 
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transmitting light employed for alignment similarly to the beryllium thin 
film, and hence the same has not been studied as a substrate material for 
an X-ray mask in general. However, as a result of employing the global 
alignment system and progressing improvement of positional accuracy of a 
5 stage holding a semiconductor wafer similarly to the case of the beryllium 
thin film, it has been recognized possible to employ this boron nitride as the 
substrate material for an X-ray mask too. It has also been clarified that 
boron nitride is such an excellent material that no absorption edge is 
present in a wavelength region of 0.5 nm of X-rays employed as exposure 

10 light in the present invention. That is, it is possible to apply these 

materials as substrate materials for X-ray masks in the X-ray exposure 
apparatus according to the present invention. 

Thus, as to membrane materials (beryllium, diamond, diamond-like 
carbon and boron nitride) for X-ray masks employed in the X-ray exposure 

15 apparatus according to the present invention, transmission characteristics 
for X-rays were evaluated. Fig. 5 shows the results. 

Fig. 5 is a graph showing the relations between wavelengths of X- 
rays and transmittance for X-rays as to the membrane materials. For the 
purpose of comparison, the transmission characteristic for X-rays is 

20 similarly shown also as to silicon carbide employed as a membrane for an 
X-ray mask in general. Referring to Fig. 5, it is understood that the 
membrane materials for the X-ray masks according to the present invention 
exhibit excellent transmittance for X-rays in a wavelength region of 0.45 to 
0.7 nm than silicon carbide having been employed in general. 

25 In evaluation of the transmission characteristics for X-rays as to 

various types of materials, measurement of total luminous energy was 
performed with respect to some wavelengths, and detailed studies as to 
dependency of the transmittance with respect to X-ray wavelengths were 
made by simulations. 

30 (Embodiment 8) 

It is now described that it is possible to attain such an effect that X- 
rays of a shorter wavelength region can be reliably cut also by inserting the 
X-ray mirror according to the present invention in an existing X-ray 
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exposure apparatus. 

As the system of a conventional X-ray exposure apparatus, consider a 
system comprising a synchrotron radiation source whose critical 
wavelength is 0.7 nm, two X-ray mirrors containing gold and a beryllium 
5 window of 20 [xm in thickness. X-rays outgoing from this synchrotron 

radiation source are reflected on the X-ray mirrors containing gold under a 
condition of an oblique-incidence angle of 1.4°. Thereafter the beryllium 
window transmits the X-rays, thereby cutting long- wave components. Fig. 
6 shows the spectra of X-rays thus obtained. Fig. 6 is a graph showing the 

10 relations between wavelengths of X-rays and relative intensity of the X-rays. 
Referring to Fig. 6, a graph shown by a solid line in the figure shows the 
spectrum of the X-rays obtained in the aforementioned conventional X-ray 
exposure apparatus. 

First, the X-ray mirror according to the present invention containing 

15 diamond is first inserted in such a conventional X-ray exposure apparatus 
under such a condition that the oblique-incidence angle is 1°. At this point, 
spectra of X-rays are shown as to both of the case of inserting a single X-ray 
mirror according to the present invention and the case of inserting two 
respectively. 

20 As understood also from Fig. 6, it is understood that short-wave 

components of not more than 0.55 nm remaining also after transmission 
through the beryllium window in the conventional system are almost cut by 
inserting the X-ray mirror according to the present invention. It is 
understood that, when adding two X-ray mirrors according to the present 

25 invention, it is possible to further reduce the intensity of X-rays in the 
wavelength region of not more than 0.55 nm while rendering the peak 
wavelength substantially constant although the total intensity of the X-rays 
slightly weakens as compared with the case of adding a single X-ray mirror 
according to the present invention. 

30 (Embodiment 9) 

It is now described that it is possible to continuously change the peak 
wavelength of X-rays employed for exposure with the X-ray mirror 
according to the present invention. 
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At this point, consider a system similar to the system of the X-ray 
exposure apparatus studied in the embodiment 8 of the present invention 
as the system of an X-ray exposure apparatus. In the embodiment 9 of the 
present invention, however, no X-ray mirror employing gold is employed 
5 but two X-ray mirrors according to the present invention employing 
diamond are employed from the first, dissimilarly to the system in the 
embodiment 8. Fig. 7 shows spectra of X-rays transmitted through a 
beryllium window in the case of changing the oblique-incidence angle of X- 
rays with respect to these two X-ray mirrors from 0.6 to 1.5°. At this point, 

10 Fig. 7 is a graph showing the relations between wavelengths of the X-rays 
and relative intensity of the X-rays. 

Referring to Fig. 7, the peak wavelength of the obtained X-rays can 
be continuously changed by controlling the oblique-incidence angles of the 
X-rays with respect to the X-ray mirrors. 

15 (Embodiment 10) 

In control methods for the X-ray mirrors in the embodiments 8 and 9 
of the present invention, a system capable of changing the oblique-incidence 
angles of X-rays with respect to the X-ray mirrors without changing the 
direction of optical axes of the X-rays is described. 

20 Fig. 8 is a model diagram showing a control method in a system 

employing two X-ray mirrors according to the present invention. Referring 
to Fig. 8, X-rays 10 are incident upon a first-stage X-ray mirror 11 at an 
oblique-incidence angle a. The X-rays 10 reflected on the first-stage X-ray 
mirror 11 are incident upon a second-stage X-ray mirror 12 at the oblique- 

25 incidence angle a as well, and reflected. 

It is assumed that La represents the current distance between the 
first-stage X-ray mirror 11 and the second-stage X-ray mirror 12 in the x- 
axis direction, and D represents the distance in the y-axis direction. The 
first-stage X-ray mirror 1 1 is fixed in set position, and has a rotating 

30 function about an axis perpendicular to the plane of the figure. The 

second-stage X-ray mirror 12 is movable in the x-axis direction, and has a 
rotating function about an axis perpendicular to the plane of the figure, 
similarly to the first-stage X-ray mirror 11. As shown in Fig. 8, the optical 
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axis (outgoing optical axis) of the X-rays 10 outgoing from the second-stage 
X-ray mirror 12 becomes substantially parallel to the optical axis (incidence 
optical axis) of the X-rays 10 incident upon the first-stage X-ray mirror 11 
by rendering the oblique-incidence angles of the X-rays 10 in the first-stage 
5 X-ray mirror 11 and the second-stage X-ray mirror 12 substantially 

identical. That is, the outgoing direction of the X-rays 10 outgoing from 
the second-stage X-ray mirror 12 as an X-ray mirror finally reached by the 
X-rays is substantially identical to the incidence direction of the X-rays 10 
incident upon the first-stage X-ray mirror 1 1 as an X-ray mirror initially 

10 reached by the X-rays. 

At this point, the expression that the outgoing direction of the X-rays 
10 outgoing from the second-stage X-ray mirror 12 is substantially identical 
to the incidence direction of the X-rays 10 incident upon the first-stage X- 
ray mirror 1 1 indicates that the angle formed by the aforementioned 

15 outgoing direction and the aforementioned incidence direction (the angle 
formed by the outgoing optical axis and the incidence optical axis of the X- 
rays 10) is within a prescribed allowance range. More specifically, 
allowance of the incidence direction or the outgoing direction in the optical 
axis of the X-rays is about 0.1° per single X-ray mirror and the system 

20 shown in Fig. 8 comprises the two X-ray mirrors of the first-stage and 
second-stage X-ray mirrors 11 and 12, and hence the allowance of the 
system shown in Fig. 8 is 0.2°. When the angle formed by the 
aforementioned outgoing direction and the aforementioned incidence 
direction is not more than 0.2°, therefore, it can be regarded that the 

25 outgoing direction of the X-rays 10 outgoing from the second-stage X-ray 
mirror 12 is substantially identical to the incidence direction of the X-rays 
10 incident upon the first-stage X-ray mirror 11 in real terms. 

When setting the oblique-incidence angle of the X-rays 10 with 
respect to the first-stage X-ray mirror 11 to ^ larger than a, the optical axis 

30 of the X-rays 10 outgoing from the second-stage X-ray mirror 12 can be 

rendered substantially identical to the optical axis of the X-rays 10 incident 
upon the first-stage X-ray mirror 11 as well by setting the distance between 
the first-stage X-ray mirror 11 and the second-stage X-ray mirror 12 in the 



- 70 - 



x-axis direction to L(3 and setting the oblique-incidence angle of X-rays in 
the second-stage X-ray mirror 12 to p. 

At this time, the following relation holds: 

D = La x tan(2a) = Lp x tan(2|3) — (1) 

5 Therefore, it becomes possible to continuously change the peak 

wavelength of X-rays similarly to the embodiment 9 of the present 
invention, without changing the direction of the optical axis of the X-rays 10. 
(Embodiment 11) 

Fig. 9 is a model diagram showing a control method for a system 
10 employing three X-ray mirrors according to the present invention. The 
distance between a first-stage X-ray mirror 1 1 and a second-stage X-ray 
mirror 12 in the x-axis direction is at a constant value L. The distance 
between the second-stage X-ray mirror 12 and a third-stage X-ray mirror 13 
in the x-axis direction is also similarly at the constant value L. The first- 
15 stage X-ray mirror 11 is fixed in position, and has a rotating function about 
an axis perpendicular to the plane of the figure. The second-stage X-ray 
mirror 12 has a function of making translation in the y-axis direction. The 
third-stage X-ray mirror 13 has a rotating function about an axis 
perpendicular to the plane of the figure similarly to the first-stage X-ray 
20 mirror 11. 

When the oblique-incidence angle of X-rays 10 incident upon the 
first-stage X-ray mirror 1 1 is a, it is assumed that Da represents the 
distance between the first-stage X-ray mirror 11 and the second-stage X-ray 
mirror 13 in the y-axis direction. The angle of the third-stage X-ray mirror 

25 13 is controlled so that the oblique-incidence angle of the X-rays 10 upon 
the third-stage X-ray mirror 13 is a. Consequently, the optical axis 
(outgoing optical axis) of the X-rays 10 outgoing from the third-stage X-ray 
mirror 13 as an X-ray mirror finally reached by the X-rays 10 and the 
optical axis (incidence optical axis) of the X-rays 10 incident upon the first - 

30 stage X-ray mirror 11 as an X-ray mirror initially reached by the X-rays 10 
can be rendered substantially identical. However, the oblique-incidence 
angle of the X-rays 10 with respect to the second-stage X-ray mirror 12 
becomes 2a. At this point, the expression that the aforementioned 



incidence optical axis and the outgoing axis are substantially identical 
indicates that the incidence optical axis and the outgoing optical axis 
substantially overlap while the angle formed by the incidence optical axis 
and the outgoing optical axis is within a prescribed allowance range. As 
5 described in the embodiment 10 of the present invention, the allowance in 
the optical axis incidence direction or the outgoing direction in the optical 
axis of X-rays per single X-ray mirror is about 0.1°. Therefore, the system 
shown in Fig. 9 comprises three X-ray mirrors of the first- to third-stage X- 
ray mirrors 11 to 13, and hence the allowance of the system shown in Fig. 9 
10 is 0.3°. 

Then, consider the case of rotating the first-stage X-ray mirror 1 1 so 
that the oblique-incidence angle of the X-rays 10 with respect to the first- 
stage X-ray mirror 11 becomes (3. In this case, the second-stage X-ray 
mirror 12 is translated in the y-axis direction. The optical axis of the X- 

15 rays 10 outgoing from the third-stage X-ray mirror 13 and the optical axis 
of the X-rays 10 incident upon the first-stage X-ray mirror 11 can be 
rendered substantially identical similarly to the above by rotating the third- 
stage X-ray mirror 13 so that the oblique-incidence angle of the X-rays 10 
becomes (3 in the third-stage X-ray mirror 13. 

20 Thus, it becomes possible to arbitrarily select the oblique-incidence 

angles of the X-rays with respect to the X-ray mirrors 11, 12 and 13 while 
keeping the optical axes of the X-rays 10 identical. At this time, the 
following relation holds: 

L = _2^ = ^L ... (2) 

tan(2a) tan(2|3) 

25 At this point, Fig. 10 shows spectra of X-rays obtained in the case of 

using X-ray mirrors employing beryllium as the first-stage X-ray mirror 11 
and the third-stage X-ray mirror 13 and employing titanium nitride as the 
second-stage X-ray mirror 12 respectively. As the system of the X-ray 
exposure apparatus, consider a system employing a synchrotron radiation 

30 source of 0.7 nm in critical wavelength as a light source and a beryllium 
window of 20 \xm in thickness as an X-ray extraction window. 

Fig. 10 is a graph showing the relations between wavelengths of X- 
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rays and relative intensity of the X-rays obtained in the system, of the X-ray 
exposure apparatus according to the embodiment 11 of the present 
invention. 

Referring to Fig. 10, the oblique-incidence angles in the first-stage X- 
5 ray mirror 11 (see Fig. 9) and the third-stage X-ray mirror 13 (see Fig. 9) 
are changed in the range of 0.5 to 0.75° at pitches of 0.05°. In order to 
correspond to this change, a range of 1.0 to 1.5° is changed at pitches of 0.1° 
as to the second-stage X-ray mirror 12 (see Fig. 9). As understood also 
from Fig. 10, it is understood possible to continuously change the peak 
10 wavelength of X-rays. 

(Embodiment 12) 

Fig. 11 is a model diagram showing a control method in a system 
employing four X-ray mirrors according to the present invention. With 
reference to Fig. 11, a system capable of changing obhque-incidence angles 

15 of X-rays with respect to X-ray mirrors without changing the optical axes of 
X-rays 10 with four X-ray mirrors is described. 

Referring to Fig. 11, a second-stage X-ray mirror 12 is set on a 
position separating from a first-stage X-ray mirror 11 by a constant 
distance L in the x-axis direction. A third-stage X-ray mirror 13 is set on a 

20 position separating from the second-stage X-ray mirror 12 by L' in the x- 
axis direction. A fourth- stage X-ray mirror 14 is set on a position 
separating from the third-stage X-ray mirror 13 by the constant distance L 
in the x-axis direction. The first-stage X-ray mirror 1 1 and the fourth- 
stage X-ray mirror 14 are fixed in position, and have rotating functions 

25 about axes perpendicular to the plane of the figure. The second-stage X- 
ray mirror 12 and the third-stage X-ray mirror 13 have functions of moving 
in the y-axis direction in addition to rotating functions about axes 
perpendicular to the plane of the figure. 

When the obhque-incidence angle of the X-rays 10 in the first-stage 

30 X-ray mirror 11 is a, the angles of rotation and positions of the X-ray 

mirrors 12, 13 ad 14 are so controlled that the oblique-incidence angles of 
the X-rays become a in all of the second-stage X-ray mirror 12, the third- 
stage X-ray mirror 13 and the fourth-stage X-ray mirror 14. It is assumed 
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that Da represents the current distance between the first-stage X-ray- 
mirror 1 1 and the second-stage X-ray mirror 12 in the y-axis direction. 
Consequently, the optical axis (incidence optical axis) of the X-rays 10 
incident upon the first-stage X-ray mirror 11 as an X-ray mirror initially 
5 reached by the X-rays 10 and the optical axis (outgoing axis) of the X-rays 
10 outgoing from the fourth-stage X-ray mirror 14 as an X-ray mirror 
finally reached by the X-rays 10 become substantially identical. More 
specifically, the optical axis (incidence optical axis) of the X-rays 10 incident 
upon the first-stage X-ray mirror 11 and the optical axis (outgoing optical 

10 axis) of the X-rays 10 outgoing from the fourth-stage X-ray mirror 14 

substantially overlap, while the angle formed by the incidence optical axis 
and the outgoing optical axis is within a prescribed allowance range (not 
more than 0.4° in the system shown in Fig. 11 since it comprises the four X- 
ray mirrors 11 to 14). 

15 Then, the first-stage X-ray mirror 11 is so rotated that the oblique- 

incidence angle of the X-rays 10 in the first-stage X-ray mirror 11 becomes (3. 
At this time, the second-stage X-ray mirror 12 and the third-stage X-ray 
mirror 13 are translated in the y-axis direction. At the same time, the 
respective X-ray mirrors 12 and 13 are so rotated that the oblique-incidence 

20 angles of the X-rays in the second-stage X-ray mirror 12 and the third-stage 
X-ray mirror 13 become (3. The optical axis of the X-rays 10 outgoing from 
the fourth-stage X-ray mirror 14 and the optical axis of the X-rays 10 
incident upon the first-stage X-ray mirror 11 can be rendered substantially 
identical similarly to the above by rotating the fourth-stage X-ray mirror so 

25 that the oblique-incidence angle of the X-rays becomes |3 also in the fourth- 
stage X-ray mirror 14. That is, it becomes possible to arbitrarily select the 
obhque-incidence angles of the X-rays with respect to the X-ray mirrors 11 
to 14 while keeping the optical axes of the X-rays 10. At this time, the 
following relation holds: 

30 L ._5^._2P_ ... (3 ) 

tan(2a) tan(20) 

Thus, it becomes possible to continuously change the peak 

wavelength of X-rays similarly to the embodiment 1 1 of the present 
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invention without changing the optical axes of the X-rays. 
(Embodiment 13) 

Fig. 12 is a model diagram showing a control method in another 
system employing four X-ray mirrors according to the present invention. 
5 Referring to Fig. 12, a second-stage X-ray mirror 12 is set at a space 

by La from a first-stage X-ray mirror 1 1 in the x-axis direction. A third- 
stage X-ray mirror 13 is set at a space by L(3 from the second-stage X-ray 
mirror 12 in the x-axis direction. A fourth-stage X-ray mirror 14 is set at a 
space by La from the third-stage X-ray mirror 13 in the x-axis direction. 
10 The distances between the respective X-ray mirrors indicate the distances 
between the reflection centers in the respective X-ray mirrors. 

At this point, the first-stage X-ray mirror 11 is also fixed in its 
position and angle of rotation. The second-stage X-ray mirror 12 and the 
third-stage X-ray mirror 13 have rotating functions about axes 
15 perpendicular to the plane of the figure and moving functions in the x-axis 
direction respectively. The fourth-stage X-ray mirror 14 is constant in 
angle of rotation, and has a moving function in the x-axis direction. 

At this point, the oblique-incidence angles of X-rays in the first-stage 
X-ray mirror 1 1 and the fourth-stage X-ray mirror 14 are set to a constant 
20 value of a. This oblique-incidence angle a is set to the smallest possible 
value in order to suppress absorption of X-rays in the X-ray mirrors 11 and 
14. Then, the oblique-incidence angles in the second-stage X-ray mirror 12 
and the third-stage X-ray mirror 13 are set to p ((3 > a). The distance 
between the second-stage X-ray mirror 12 and the third-stage X-ray mirror 
25 13 in the y-axis direction is set to a constant value D. Then, the following 
relation holds: 

D = 2xLaxtan(2a) = Lj3xtan2(£-a) — (4) 
The oblique-incidence angle p and the distances La and L|3 between the X- 
ray mirrors are controlled respectively so that the aforementioned relation 
30 is maintained. 

At this point, such a state that attenuation of the X-rays 10 in the 
first-stage X-ray mirror 1 1 and the fourth-stage X-ray mirror 14 is hardly 
present can be attained by setting the obhque-incidence angle a to an 



- 75 - 



extremely small angle. Further, the oblique -incidence angle |3 of the X- 
rays 10 in the second-stage X-ray mirror 12 and the third-stage X-ray 
mirror 13 can be arbitrarily controlled in a state of rendering the optical 
axis (outgoing optical axis) of the X-rays 10 outgoing from the fourth-stage 
5 X-ray mirror 14 as an X-ray mirror finally reached by the X-rays 10 and the 
optical axis (incidence optical axis) of the X-rays 10 incident upon the first- 
stage X-ray mirror 1 1 as an X-ray mirror initially reached by the X-rays 10 
substantially identical. In the control method in the embodiment 13 of the 
present invention, therefore, an effect can be attained similarly to the 

10 embodiment 12 of the present invention, while the quantity of attenuation 
of X-rays can be more reduced than the embodiment 12 of the present 
invention. The expression that the outgoing optical axis and the incidence 
optical axis are substantially identical as in the above indicates that the 
optical axis (incidence optical axis) of the X-rays 10 incident upon the first- 

15 stage X-ray mirror 1 1 and the optical axis (outgoing optical axis) of the X- 
rays 10 outgoing from the fourth-stage X-ray mirror 14 substantially 
overlap while the angle formed by the incidence optical axis and the 
outgoing optical axis is within a prescribed allowance range (not more than 
0.4° in the system shown in Fig. 12 since it comprises the four X-ray 

20 mirrors 11 to 14). 

Thus, according to the present invention, X-rays having an arbitrary 
peak wavelength can be obtained without changing the optical axes of the 
X-rays 10. At this point, Fig. 13 shows spectra of X-rays obtained when 
applying X-ray mirrors employing beryllium to all X-ray mirrors 1 1 to 14 

25 from the first stage to the fourth stage in the system shown in Fig. 12. Fig. 
13 is a graph showing the relations between the wavelengths of X-rays and 
relative intensity of the X-rays in the embodiment 13 of the present 
invention. 

Fig. 13 shows the spectra of the X-rays in the case of setting the 
30 oblique-incidence angle a in the first-stage X-ray mirror 11 and the fourth- 
stage X-ray mirror 14 at 0.5° and changing the oblique -incidence angle of 
the X-rays in the second-stage X-ray mirror 12 and the third-stage X-ray 
mirror 13 in the range of 0.5 to 1.0°. The remaining structure of the X-ray 
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exposure apparatus is similar to the system employed in the embodiment 8 
or the embodiment 9 of the present invention. 

Referring to Fig. 13, it is understood possible to continuously change 
the peak wavelength of X-rays. 
5 Thus, the peak wavelength of the X-rays can be arbitrarily changed, 

whereby X-rays of wavelengths more suitable to an employed X-ray mask, 
required resolution, the properties of used resist and the like can be used. 

(Embodiment 14) 

Fig. 14 is a sectional model diagram showing an X-ray mask 

10 according to the present invention. The X-ray mask is described with 
reference to Fig. 14. 

Referring to Fig. 14, the X-ray mask comprises a substrate 15, a 
diamond membrane 16, an X-ray absorber consisting of thin films 17a to 
17c of molybdenum which is a heavy element and thin films 18a and 18b of 

15 carbon which is a light element and a guard ring 19. The diamond 

membrane 16 is formed on the substrate 15. The molybdenum thin films 
17a to 17c and the carbon thin films 18a and 18b are formed on the 
diamond membrane 16 as the X-ray absorber, to be alternately stacked with 
each other. A transfer pattern 20 is formed on this X-ray absorber. In a 

20 region located under the transfer pattern 20, a window part 2 1 is formed on 
the substrate 15. The rear surface of the diamond membrane 16 is 
exposed in the window part 21. The guard ring 19 is set under the 
substrate 15. At this point, the transfer pattern 20 formed on the X-ray 
absorber is formed by etching the X-ray absorber while employing a resist 

25 pattern formed with electron beam drawing as a mask. 

The number of stacking of the X-ray absorber and the thicknesses of 
the respective layers are decided in response to a required quantity of 
screening, i.e., a necessary mask contrast. When rendering it a low 
contrast mask, for example, the number of stacking is relatively reduced to 

30 five layers as shown in Fig. 14. When rendering it a high contrast, on the 
other hand, the number of stacking is increased to 20 layers. When the 
number of stacking is at least two, a similar effect can be attained also with 
another number of stacking. 
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At this point, the wavelength region of X-rays which the X-ray 
absorber must screen in an exposure step employing X-rays extends over a 
wide region of 0,5 to 1.5 nm. In order to sufficiently screen all of a 
wavelength region requiring screening in the case of forming an X-ray 
5 absorber with a single material as general, therefore, it has been necessary 
to increase the thickness of the X-ray absorber. Consequently, the aspect 
ratio in the transfer pattern 20 enlarges and it has been disadvantageous in 
the case of forming a fine pattern. 

A heavy metal, its compound, alloy and the like having been 
10 generally proposed as absorbers for X-rays in X-ray masks have high 

absorbability also with respect to X-rays of a shorter wavelength region to 
be utilized in the present invention. Therefore, it is in principle possible to 
employ these materials such as tungsten as the materials forming X-ray 
absorbers. 

15 The inventors have prepared an X-ray mask comprising a plurality of 

X-ray absorbers making thicknesses of stacking of multilayer films different, 
in order to screen X-rays whose wavelengths are 0.5 to 1.5 nm by way of 
trial. Consequently, it has been possible to change the quantity of 
screening per wavelength, i.e., the contrast by controlling the thicknesses of 

20 stacking. That is, the contrast per wavelength of X-rays can be changed by 
controlling the thicknesses of stacking. Consequently, design of an X-ray 
mask having a contrast more suitable to the case of transferring a circuit 
pattern having high resolution has become possible. 

While the X-ray mask shown in Fig. 14 has employed molybdenum as 

25 a heavy element and carbon as a light element, a similar effect can be 

attained also when employing an X-ray mask employing molybdenum as a 
heavy element and beryllium as a light element. 

Since a diamond thin film is employed as the membrane, such a 
phenomenon that the membrane absorbs X-rays whose wavelengths are 

30 around 0.6 nm as in the case of employing general silicon carbide or the like 
as the membrane can be prevented. 

When employing such an X-ray mask according to the present 
invention as the X-ray mask in the X-ray exposure apparatus according to 



- 78- 



the present invention shown in the embodiment 1 or the like, an exposure 
step can be carried out with X-rays of a shorter wavelength region than 
general. 

Thus, the X-ray absorber consisting of a multilayer film serving as an 
5 X-ray screening material is employed, whereby it has become possible to 
solve such a problem that the aspect ratio of a transfer circuit pattern 
increases due to increase of the thickness of the X-ray absorber. 
Consequently, it has become possible to carry out the exposure step with 
short-wave X-rays whose peak wavelength is around 0.5 nm. That is, it 
10 has become possible to enlarge a resolution limit by Fresnel's diffraction 
which is the factor deciding the resolution limit of a proximity exposure 
step employing X-rays to a size region finer than general. Consequently, a 
circuit pattern of higher resolution than general can be transferred. 
(Embodiment 15) 

15 The inventors have employed beryllium as a membrane and prepared 

an X-ray mask rendering a heavy element rhodium and a light element 
beryllium. The structure of this X-ray mask is basically similar to the X- 
ray mask shown in Fig. 14. At this point, the membrane consisting of 
beryllium was formed by ion beam sputtering. Further, a window 2 1 (see 

20 Fig. 14) was formed by forming a transfer pattern on an X-ray absorber 
similarly to the embodiment 14 of the present invention and thereafter 
removing a silicon wafer employed as a substrate from the rear surface by 
etching. 

Thus, an effect similar to the X-ray mask shown in the embodiment 
25 14 of the present invention can be attained also by an X-ray mask 

employing rhodium as a heavy element and berylhum as a light element. 

At this point, an X-ray mask employing a tantalum-based material or 
a tungsten-based material as the X-ray absorber can also be used in the X- 
ray exposure apparatus according to the present invention. 
30 (Embodiment 16) 

Fig. 15 is a graph showing the relations between wavelengths of X- 
rays and transmittance for X-rays as to materials employed as X-ray 
absorbers. Among the legends in the figure, Re (21.02) 0.5 ^m, for example, 
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indicates that Re is employed as a sample, the density of this sample is 
21.02 g/cm 3 , and the thickness of the sample is 0.5 ^im. 

At this point, transmittance for X-rays in a tungsten- or tantalum- 
based material having been employed in general as an X-ray absorber 
5 lowers when converting the peak wavelength of X-rays to a shorter 

wavelength as the embodiments 8, 9, 11 and 13 of the present invention. 

Referring to Fig. 15, when setting the peak wavelength of X-rays to 
0.4 to 0.6 nm, the transmittance for X-rays becomes 0.1 to 0.5 times as 
compared with the case where the peak wavelength is around 0.8 nm as 
10 general. In other words, it becomes possible to render the thickness of the 
X-ray absorber necessary for obtaining a mask contrast similar to general 
0.1 to 0.5 times. That is, it is understood possible to reduce the thickness 
of the X-ray absorber when employing the materials shown in Fig. 15 for 
the X-ray absorber as an X-ray absorber. Consequently, the aspect ratio of 
15 a transfer circuit pattern in the X-ray mask can be more reduced, whereby 
it becomes possible to further progress refinement of the transfer circuit 
pattern in the X-ray mask. 

The X-ray mirrors and the X-ray masks shown in the embodiments 2 
to 16 of the present invention can be applied to the X-ray exposure 
20 apparatus shown in the embodiment 1 of the present invention. 
(Embodiment 17) 

Fig. 16 is a schematic diagram of an X-ray exposure system to which 
a synchrotron radiation apparatus according to the present invention is 
applied. With reference to Fig. 16, the synchrotron radiation apparatus 

25 and the X-ray exposure system are described. 

Referring to Fig. 16, the synchrotron radiation apparatus comprises a 
synchrotron radiation source 1, X-ray mirrors 3a to 3c which are plane 
mirrors, a converging mirror 22 and a magnifying mirror 23. The X-ray 
exposure system comprises the aforementioned synchrotron radiation 

30 apparatus and an X-ray mask 6. The X-ray mirrors 3a to 3c consist of 

beryllium. The converging mirror 22 and the magnifying mirror 23 consist 
of rhodium respectively. At this point, the synchrotron radiation 
apparatus is employed as an X-ray radiation apparatus. 
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Radiation 2a outgoing from the synchrotron radiation source 1 is 
incident in order of the X-ray mirrors 3a to 3c, the converging mirror 22 and 
the magnifying mirror 23 as shown in Fig. 16, and finally applied to a 
semiconductor wafer 9 to which resist is applied through the X-ray mask 6. 

The arrangement of the X-ray mirrors 3a to 3c is similar to the 
embodiment 11 of the X-ray mirrors according to the present invention 
shown in Fig. 9. The arrangement is so decided as to satisfy the numerical 
formula shown in numerical (2). Similarly to the embodiment 11 of the 
present invention, therefore, it follows that the optical axis of the radiation 
which is reflected light outgoing from the X-ray mirror 3c substantially 
overlaps with the optical axis of the radiation 2 a outgoing from the 
synchrotron radiation source 1. Also in the case of changing the positions 
of the X-ray mirrors 3a to 3c or the oblique-incidence angle a (see Fig. 9) of 
the radiation upon the X-ray mirrors 3a to 3c, the optical axis of the 
radiation outgoing from the X-ray mirror 3c can be maintained on a position 
substantially overlapping with the optical axis of the radiation 2a outgoing 
from the synchrotron radiation source 1 when deciding the oblique- 
incidence angle a and the like to satisfy the numerical formula shown in the 
numerical (2), similarly to the embodiment 11 of the present invention. 
Consequently, the position of the optical axis of the radiation incident upon 
the converging mirror 22 can be kept constant also when changing the 
oblique-incidence angle a or the radiation in the X-ray mirrors 3a to 3c. 

At this point, beryllium forming the X-ray mirrors 3a to 3c is 11.1 nm 
in absorption edge wavelength. Beryllium has no absorption edge in a 
wavelength region on a shorter wavelength side than this 11.1 nm. 
Therefore, X-rays having an arbitrary peak wavelength can be obtained in a 
wavelength region of 0.45 to 0.7 nm as shown in Fig. 13, while it is possible 
to absorb/cut X-rays of a shorter wavelength region than the arbitrary 
wavelength at the same time by changing the oblique-incidence angle of the 
radiation in the X-ray mirrors 3a to 3c consisting of beryllium. 

Then, the radiation outgoing from the X-ray mirror 3c is incident 
upon the converging mirror 22 and the magnifying mirror 23. At this 
point, the radiation 2a outgoing from the synchrotron radiation source 1 is 
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such that an outgoing angle in the horizontal direction is relatively large 
while an outgoing angle in a vertical direction is relatively small. When 
applying the radiation outgoing from the X-ray mirrors 3a to 3c to the X-ray 
mask 6 as such and carrying out an exposure step, therefore, it is difficult 
5 to secure a sufficient irradiation region in the vertical direction. In order 
to solve such a problem, a surface reflecting the radiation is in the form of a 
concave surface in the magnifying mirror 23. Consequently, an irradiation 
region of radiation 2b outgoing from the magnifying mirror 23 in the 
vertical direction can be magnified. While that whose surface reflecting 

10 the radiation is in the form of a concave surface is employed as the 

magriifying mirror 23 here, a magnifying mirror of the so-called mirror scan 
system magriifying the irradiation region of the radiation 2b outgoing from 
the mirror in the vertical direction by rotation-vibrating or parallel- 
vibrating the mirror may be employed in place of such a magnifying mirror. 

15 The outgoing angle of the radiation 2a in the horizontal direction is 

relatively large, and hence it has been also difficult to attain sufficient 
irradiation strength when employing the radiation outgoing from the X-ray 
mirrors 3a to 3c as such for the exposure step. In order to solve such a 
problem, the surface reflecting the radiation is in the form of a concave 

20 surface in the converging mirror 22. Consequently, as to radiation at a 
large outgoing angle not incident upon the X-ray mask 6 when the 
converging mirror 22 is not present, the traveling direction of the radiation 
can be changed to be incident upon the X-ray mask 6. Therefore, the 
irradiation strength for the radiation incident upon the X-ray mask 6 can be 

25 increased. 

Then, the radiation 2b outgoing from the magnifying mirror 23 is 
applied to the X-ray mask 6. The X-ray mask 6 comprises a guard ring 19, 
a diamond membrane 16 and a transfer pattern 20 consisting of an X-ray 
absorber 24, as shown in Fig. 17. The transfer pattern 20 is formed on a 
30 region located on a window part 2 1 in which the rear surface of the diamond 
membrane 16 is exposed. At this point, Fig. 17 is a partially enlarged 
sectional view showing the X-ray mask and a semiconductor wafer in Fig. 
16. Referring to Fig. 17, the thickness of the diamond membrane 16 was 
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set to 1 fxm. As the material for the X-ray absorber 24, a material similar 
to the X-ray absorber of the X-ray mask in the embodiment 14 of the 
present invention can be employed. The radiation 2b transmitted through 
the X-ray mask 6 is applied to the semiconductor wafer 9 having a surface 
5 to which the resist is applied, and sensitizes the resist. Thus, the transfer 
pattern 20 of the X-ray mask 6 is transferred to the resist. 

At this point, rhodium forming the converging mirror 22 and the 
magnifying mirror 23 can reflect radiation whose wavelength is 
substantially at least 0.45 nm under such a condition that the oblique- 

10 incidence angle is not more than 1.0°. Therefore, radiation of a 

wavelength region of at least 0.45 nm can be reliably obtained by setting 
the oblique-incidence angle of the radiation in the converging mixror 22 and 
the magnifying mirror 23 to not more than 1.0°. 

In the synchrotron radiation apparatus and the X-ray exposure 

15 system according to the present invention, the X-ray mirrors 3a to 3c, the 
converging mirror 22 and the magnifying mirror 23 are set under ultrahigh 
vacuum environment. On the other hand, the X-ray mask 6 and the 
semiconductor wafer 9 are set under atmospheric pressure environment, or 
in a decompressed helium atmosphere or in the air. Therefore, an X-ray 

20 transmission window (not shown) defining a vacuum partition is set 

between the magnifying mirror 23 and the X-ray mask 6. Beryllium may 
be employed as the material for this X-ray transmission window. This 
beryllium has no absorption edge in the wavelength region of 0.45 to 0.7 nm. 
Therefore, the X-ray transmission window employing a beryllium film can 

25 efficiently transmit X-rays of the aforementioned wavelength region. Thus, 
it is preferable to employ a material such as beryllium having an absorption 
edge only in at least either one of a wavelength region of less than 0.45 nm 
and a wavelength region exceeding 07 nm, i.e., a material having no 
absorption edge in the wavelength region of at least 0.45 nm and not more 

30 than 0.7 nm also as the material for the X-ray transmission window. 
When the thickness of a portion transmitting X-rays in the X-ray 
transmission window can be sufficiently reduced, however, a material other 
than the above may be employed. 
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In the synchrotron radiation apparatus and the X-ray exposure 
system according to the present invention, the diamond membrane 16 is 
employed as the membrane of the X-ray mask 6. The absorption edge 
wavelength of carbon forming this diamond membrane is 4.368 nm, and 
5 carbon has no absorption edge in a shorter wavelength region than this 
4.368 nm. On the other hand, silicon carbide having been employed as a 
membrane in general has an absorption edge in the wavelength region of 
0.45 nm to 0.7 nm, and hence transmittance for X-rays lowers in the 
aforementioned wavelength region, as shown in Fig. 5. From this, it is 

10 understood that transmittance for X-rays in the wavelength region of 0.45 
nm to 0.7 nm included in radiation can be more enlarged in the diamond 
membrane 16 as compared with a conventional membrane employing 
silicon carbide. Thus, the radiation (X-rays) 2b in the wavelength region of 
0.45 nm to 0.7 nm can be effectively utilized by employing the X-ray mask 

15 shown in Fig. 17. 

Thus, in the synchrotron radiation apparatus and the X-ray exposure 
system according to the present invention, radiation (X-rays) of the 
wavelength region of 0.45 nm to 0.7 nm can be obtained, while radiation 
components of a shorter wavelength side than an arbitrary wavelength in 

20 the wavelength region of 0.45 nm to 0.7 nm can be cut by controlling the 
oblique-incidence angle of the X-rays in the X-ray mirrors 3a to 3c. The 
aforementioned radiation components on the shorter wavelength side 
generate photoelectrons in the resist applied to the semiconductor wafer 
and hence become a factor lowering resolution of the transfer pattern 

25 transferred to the resist. According to the present invention, however, 
such radiation components on the shorter wavelength side can be reliably 
absorbed/cut and hence high resolution can be reliably attained as to the 
transfer pattern transferred to the resist. 

In the synchrotron radiation apparatus and the X-ray exposure 

30 system shown in Fig. 16, two X-ray mirrors consisting of beryllium may be 
employed in place of the X-ray mirrors 3a to 3c. These two X-ray mirrors 
may be similar in structure to the X-ray mirrors in the embodiment 8 of the 
present invention shown in Fig. 8. In this case, an effect similar to the 
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embodiment 8 of the present invention can be attained. Spectra of 
radiation outgoing from the magnifying mirror 23 in the case of fixing the 
oblique-incidence angle a (see Fig. 8) of radiation in these two X-ray mirrors 
consisting of beryllium to 0.5° (incidence angle to 89.5°) and changing the 
5 oblique-incidence angle of the radiation in the converging mirror 22 and the 
magnifying mirror 23 (see Fig. 16) consisting of rhodium from 1.0° to 2.4° 
are shown in Fig. 18. At this point, Fig. 18 is a graph showing the 
relations between wavelengths of X-rays and relative intensity obtained in 
the X-ray exposure system comprising mirrors consisting of beryllium and 

10 mirrors consisting of rhodium. 

At this point, rhodium has absorption edges at 0.3629 nm, 0.39425 
nm and 0.41299 nm, and rhodium has no absorption edge in the wavelength 
region of 0.45 nm to 0.7 nm. When employing mirrors consisting of 
rhodium, therefore, spectra of X-rays are not disturbed due to such a 

15 phenomenon that X-rays are abruptly absorbed in the wavelength region of 
0.45 nm to 0.7 nm. Consequently, X-rays exhibiting spectra in the form of 
stable and smooth curves can be obtained also when changing the oblique- 
incidence angle of the mirrors consisting of rhodium, as shown in Fig. 18. 
At this point, Fig. 19 shows spectra of X-rays obtained when 

20 employing mirrors consisting of platinum in place of the aforementioned 

mirrors consisting of rhodium in the aforementioned synchrotron radiation 
apparatus and X-ray exposure system as comparative example. Fig. 19 is 
a graph showing the relations between wavelengths of X-rays and relative 
intensity obtained in the synchrotron radiation apparatus and the X-ray 

25 exposure system comprising mirrors consisting of beryllium and mirrors 
consisting of platinum. Fig. 19 shows data in the case of setting the 
oblique-incidence angle of the mirrors consisting of beryllium to 0.4° or 0.5° 
(incidence angle to 89.6° or 89.5°) and changing the obhque-incidence angle 
of the mirrors consisting of platinum from 0.4° to 2.0° (incidence angle from 

30 89.6° to 88°). Platinum has absorption edges at 0.4093 nm, 0.4686 nm, 
0.559 nm and 0.581 nm, and hence the intensity of X-rays lowers at the 
wavelengths corresponding to the absorption edges, as shown in Fig. 19. 
Also when changing the oblique-incidence angle of the mirrors consisting of 
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platinum, the intensity of X-rays thus lowers at the wavelengths 
corresponding to the absorption edges. 

Thus, referring to Fig. 18 and Fig. 19, X-rays in the aforementioned 
wavelength region can be more effectively utilized when employing the X- 
5 ray mirrors according to the present invention consisting of rhodium than 
the case of employing X-ray mirrors consisting of platinum. 

Referring to Fig. 19, an X-ray spectrum (hereinafter referred to as a 
spectrum 1) in the case of setting the oblique-incidence angle of the mirrors 
consisting of platinum to 0.4° (incidence angle to 89.6°) and setting the 

10 oblique-incidence angle of the mirrors consisting of beryllium to 0.4° 

(incidence angle to 89.6°) is displayed with a solid line. An X-ray spectrum 
(hereinafter referred to as a spectrum 2) in the case of setting the oblique- 
incidence angle of the mirrors consisting of platinum to 0.4° (incidence 
angle to 89.6°) and setting the oblique-incidence angle of the mirrors 

15 consisting of beryllium to 0.5° (incidence angle to 89.5°) is displayed with a 
dotted line. Comparing this spectrum 1 with the spectrum 2, it is 
understood that X-rays of a wavelength region of not more than 0.4 nm can 
be reliably absorbed/cut by changing the oblique-incidence angle of the 
mirrors consisting of beryllium from 0.4° to 0.5°. 

20 Fig. 20 shows X-ray spectra after transmitting X-rays reflected from 

two X-ray mirrors consisting of gold through a membrane of an X-ray mask. 
At this point, Fig. 20 is a graph showing the relations of wavelengths of X- 
rays transmitted through the X-ray mask and relative intensity. Fig. 20 
shows the case of employing the diamond membrane according to the 

25 present invention as the membrane and the case of employing a 
conventional membrane consisting of silicon carbide. 

Referring to Fig. 20, when employing silicon carbide as the 
membrane, silicon has an absorption edge in a wavelength range of 0.6738 
and hence the intensity of the X-rays remarkably lowers at this absorption 

30 edge wavelength. On the other hand, no such intensity lowering of X-rays 
takes place in the case of employing the diamond membrane as the 
membrane of the X-ray mask. Since the mirrors consisting of gold are 
employed at this point, the intensity of X-rays lowers at 0.3616 nm, 0.3936 
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nm, 0.4518 nm, 0.5374 nm and 0.5584 nm which are absorption edge 
wavelengths of gold. 

In the synchrotron radiation apparatus and the X-ray exposure 
system shown in Fig. 16 at this point, the X-ray mirrors and the X-ray 
5 masks shown in the embodiments 1 to 16 of the present invention can be 
applied. 

(Embodiment 18) 

As to X-ray masks, data of contrasts in the case of employing various 
materials as membranes and X-ray absorbers were obtained by simulations. 

10 Figs. 21 to 23 are graphs showing the relations between the thicknesses of 
the X-ray absorbers and the contrasts as to the X-ray masks according to 
the present invention. At this point, it is assumed that the contrast is the 
ratio of the intensity of X-rays transmitted only through the membrane to 
the intensity of X-rays transmitted through both of the X-ray absorber and 

15 the membrane in the X-ray mask. 

Referring to Figs. 21 to 23, the relations between the thicknesses of 
the X-ray absorbers and the contrasts were investigated as to various 
combinations of materials for the membranes and the X-ray absorbers. At 
this point, display of legends in Fig. 21 shows material for X-ray 

20 mirror/thickness of beryllium window/material for membrane of X-ray 
mask/material for X-ray absorber (density of X-ray absorber). More 
specifically, SiC/Be20/SiC/W(16.2), for example, means that the material for 
the X-ray mirror is SiC/the thickness of a beryllium thin film of the 
beryllium window is 20 jj,m/the material for the membrane of the X-ray 

25 mask is SiC/the material for the X-ray absorber is tungsten (W), and the 
density of this X-ray absorber is 16.2 g/cm 3 . 

Referring to Fig. 21, data employing SiC as the X-ray mirror 
corresponds to conventional X-ray exposure conditions, and is the case of 
introducing X-rays having a peak wavelength in a wavelength region 

30 exceeding 0.7 nm into the X-ray mask. Data employing rhodium (Rh) as 
the X-ray mirror corresponds to the X-ray exposure conditions according to 
the present invention, and is the case of introducing X-rays having a peak 
wavelength in the wavelength region of at least 0.45 nm and not more than 



-87- 



0.7 nm into the X-ray mask. 

First, data in the case of irradiating an X-ray mask employing SiC as 
a membrane and forming an X-ray absorber consisting of metal uranium 
(U) on the membrane with synchrotron radiation reflected by an X-ray 
5 mirror consisting of SiC (conventional exposure conditions) is shown by a 
legend of black circles. The incidence angle in this X-ray mirror consisting 
of SiC was set to 89°. The thickness of the membrane was set to 2 ^m. At 
this point, a contrast suitable for transferring a pattern of high resolution 
whose design rule is about 0.05 |^m is at least 3. Referring to Fig. 2 1, the 

10 thickness of an X-ray absorber consisting of uranium necessary for 

implementing this contrast 3 was about 0.18 ^im. In this case, the aspect 
ratio of a transfer circuit pattern formed on the X-ray absorber is about 3.6, 
sufficiently smaller than such an aspect ratio that influence of a waveguide 
effect becomes remarkable. That is, it is understood that the 

15 aforementioned X-ray mask can manage both proper contrast and aspect 
ratio under the conventional exposure conditions. Further, it is 
understood that a substantially similar result appears also when employing 
diamond (Dia.) as the membrane in place of SiC in these conventional 
exposure conditions. 

20 Then, an X-ray mask comprising the aforementioned diamond 

membrane and an X-ray absorber consisting of uranium was applied to 
exposure conditions according to the present invention. The result is 
shown by a legend of white squares. At this point, the incidence angle of 
X-rays in an X-ray mirror consisting of rhodium was set to 89°. In this 

25 case, the thickness of the X-ray absorber consisting of uranium was 

necessary by about 0.37 \xm, in order to obtain the necessary contrast 3. In 
this case, the aspect ratio at the time when the design rule is 0.05 \im 
enlarges to 7.4. When the design rule becomes 0.035 ^m, the aspect ratio 
exceeds 10. When the aspect ratio thus enlarges, it becomes difficult to 

30 transfer a fine circuit pattern due to a waveguide effect. 

Then, a case of applying an X-ray mask according to the present 
invention comprising a diamond membrane and an X-ray absorber 
consisting of tungsten to exposure conditions according to the present 
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invention is shown by black squares. At this point, carbon forming 
diamond has an absorption edge at a wavelength of 4.368 nm. Therefore, 
the diamond membrane does not strongly absorb X-rays in the wavelength 
region of at least 0.45 nm and not more than 0.7 nm employed as exposure 
5 light in the exposure conditions according to the present invention. 
Further, tungsten has an absorption edge at a wavelength of 0.68 nm. 
Therefore, X-ray absorbance of the X-ray absorber consisting of tungsten 
sufficiently enlarges as to X-rays employed as exposure light in the 
exposure conditions according to the present invention. Consequently, the 

10 thickness of the X-ray absorber consisting of tungsten necessary for 

obtaining the necessary contrast 3 was about 0.24 \xm, as shown in Fig. 21. 
That is, the thickness of the X-ray absorber can be more reduced than the 
case of employing uranium as the X-ray absorber. In this case, the aspect 
ratio at the time when the design rule is 0.05 ^im becomes 4.8, and it is 

15 possible to reduce influence by a waveguide effect. Consequently, it is 
understood that a sufficient contrast and a small aspect ratio can be 
managed and hence it is possible to transfer a fine circuit pattern. That is, 
it is understood that the aforementioned X-ray mask according to the 
present invention is particularly effective when employing X-rays of a 

20 shorter wavelength region than general as exposure light as in the exposure 
conditions according to the present invention. 

A case of applying an X-ray mask comprising a membrane consisting 
of SiC and an X-ray absorber consisting of tungsten to the conventional 
exposure conditions is shown by black squares + a thick line. In this case, 

25 the thickness of the X-ray absorber consisting of tungsten necessary for 

obtaining the necessary contrast 3 becomes about 0.37 jxm, and the aspect 
ratio at the time when the design rule is 0.05 pirn enlarges to 7.4, as 
understood also from Fig. 21. Consequently, it is understood that it 
becomes difficult to transfer a fine circuit pattern when applying the X-ray 

30 absorber consisting of tungsten to the conventional exposure conditions. 

Further, data in a case of applying an X-ray mask comprising a 
membrane consisting of boron nitride (BN) and an X-ray absorber 
consisting of tungsten to the exposure conditions according to the present 
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invention is also similarly shown. Also in this case, it is understood a 
contrast of a sufficient magnitude and a small aspect ratio can be managed 
and hence it is possible to transfer a fine circuit pattern. The absorption 
edge of carbon forming diamond is 4.368 nm, and the absorption edge of 
5 nitrogen is 3.099 nm. 

Then, as to the case of employing tantalum (Ta) and tungsten (W) as 
X-ray absorbers, the relations between contrasts and X-ray absorber 
thicknesses at the time of changing wavelength spectra of X-rays were 
obtained. At this point, the wavelength spectra of the X-rays were 

10 changed by changing the thicknesses of beryllium thin films of beryllium 
windows. Figs. 22 and 23 show the results. At this point, display of 
legends in Figs. 22 and 23 is basically similar to the display of legends in 
Fig. 21. However, materials are also described in the case of employing 
two X-ray mirrors, and incidence angles of X-rays in the X-ray mirrors were 

15 also described. For example, Rh,Be89.4/Bel3/Dia.2/Tal6.5 means that an 
X-ray mirror consisting of rhodium (Rh) and an X-ray mirror consisting of 
beryllium (Be) are employed and the incidence angle of X-rays in the X-ray 
mirror consisting of Be is 89.47the thickness of the beryllium thin film of 
the beryllium window is 13 ^m/the material for the membrane of the X-ray 

20 mask is diamond and the thickness is 2 |xm/the material for an X-ray 

absorber is tantalum and the density of this X-ray absorber is 16.5 g/cm 3 . 

Referring to Fig. 22, it is understood that, when employing gold (Au) 
as an X-ray absorber, an X-ray absorber thickness necessary for obtaining a 
necessary contrast becomes thicker than the case of the X-ray mask 

25 according to the present invention. It is also understood that, when 

employing gold as the X-ray absorber, the thickness of the X-ray absorber 
for obtaining the necessary contrast becomes thicker than conventional 
exposure conditions, under exposure conditions according to the present 
invention. 

30 Referring to Figs. 22 and 23, a large contrast and a small aspect ratio 

can be managed when employing the X-ray mask according to the present 
invention comprising a diamond membrane and an X-ray absorber 
employing tantalum and tungsten under the exposure conditions according 
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to the present invention employing rhodium, as an X-ray mirror. 
Consequently, it is understood possible to transfer a fine circuit pattern. 

While tungsten and tantalum have been employed as X-ray 
absorbers at this point, a similar effect can be attained also by employing 
5 an alloy or a compound such as TaGe, TaReGe, WN, WSi, WGe, WRe, 

WReGe or the like as the X-ray absorber in the X-ray mask according to the 
present invention. Although diamond has been employed as the 
membrane, a similar effect can be attained when employing a material such 
as boron nitride, diamond-like carbon or beryllium having no absorption 

10 edge in the wavelength region of at least 0.45 nm and not more than 0.7 nm 
as the membrane. 

The X-ray mask shown in the embodiment 18 is applicable to the X- 
ray exposure apparatus shown in embodiment 1 and the synchrotron 
radiation apparatus and the X-ray exposure system shown in the 

15 embodiment 17. As to the X-ray absorber of the X-ray mask in this 

embodiment 18, a similar effect can be attained also when bringing this X- 
ray absorber into a multilayer structure as shown in Fig. 14. 

The embodiments disclosed this time must be considered illustrative 
in all points and not restrictive. The scope of the present invention is 

20 shown not by the aforementioned embodiments but by the scope of claim, 
and it is intended that all modifications within the meaning and range 
equivalent to the scope of claim are included. 

It is possible to utilize the present invention in a method of 
manufacturing a semiconductor device and manufacturing equipment for a 

25 semiconductor device or the like. 

Although the present invention has been described and illustrated in 
detail, it is clearly understood that the same is by way of illustration and 
example only and is not to be taken by way of limitation, the spirit and 
scope of the present invention being limited only by the terms of the 

30 appended claims. 
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